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TECHNOLOGY  DEVELOPMENT  REPORT 
RESULTS  OF  STATIC  ELECTRICITY  DISCHARGE  SYSTEM  TESTS 
(ACTIVE  AND  PASSIVE ) -  HEAVY  LIFT  HELICOPTER  (HLH) 


1 . 0  ACTIVE  STATIC  ELECTRICITY  DISCHARGE  SYSTEM 
1-1  INTRODUCTION 

With  the  contract  award  to  develop  advanced  technology  components 
for  the  Heavy  Lift  Helicopter  (HLH),  The  Boeing  Company,  with 
Stanford  Research  Institute  (SRI)  as  subcontractor,  undertook 
the  assignment  of  solving  the  most  troublesome  static  electric¬ 
ity  problem  affecting  a  helicopter: 

•  Potential  equalization  between  a  hovering  helicopter 
and  the  ground  or  a  cargo  handler  standing  on  the 
ground . 

The  design  objective  is  to  limit  energy  transfer  on  contact  to 
1  millijoule.  For  a  heavy  lift  helicopter  of  120,000  pounds 
gross  weight  and  the  electric  capacity  of  the  order  of  2,000 
picofarads,  this  is  equivalent  to  no  more  than  about  1,000 
volts  potential  difference. 

All  previous  tests  have  indicated  that  the  maximal  charging 
rates  are  of  the  order  of  300  microamperes  for  a  40,000-pound 
helicopter  gross  weight.  For  the  120,000-pound  heavy  lift 
helicopter,  an  estimated  charging  rate  of  600  microamperes 
was  set  as  the  design  objective  for  dissipating  capability. 

The  design  objective  for  an  HLH  active  automatic  system  can, 
therefore,  be  stated  as  follows:  not  more  than  1  millijoule 
discharge  (potential  difference  less  than  1,000  to  2,000  volts) 
under  600  microamperes  natural  charging  conditions. 

There  are  two  basic  approaches  to  the  solution  of  the  large 
hovering  helicopter  problem: 

•  Sensing  and  actively  dissipating  proper  polarity 
and  amperage  charges  into  the  surrounding  air  to 
counteract  the  natural  charging  of  the  helicopter. 

This  method  is  commonly  called  an  active  system, 
since  a  high-voltage  power  supply  is  used  to  produce 
the  discharge. 

•  Reducing  the  helicopter  voltage  by  means  of  passive 
corona  points  and  grounding  the  helicopter  by  means 
of  droplines  (passive  system) . 

This  section  is  concerned  only  with  active  dissipation  systems. 
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Basic  approaches  selected  for  the  remote  sensing  and  active 
dissipation  investigations  described  in  this  report  are: 

•  To  sense  the  potential  between  the  winch-mounted 
cargo  hook  and  the  ground  by  locating  an  electric 
field  mill  on  the  hook  and  evaluating  accuracy 
(fidelity)  as  a  function  of  height  of  this  field 
mill  above  the  ground. 

•  To  dissipate  currents  up  to  600  microamps  into  the 
exhaust  plumes  of  the  helicopter  turboshaft  engines, 
thereby  taking  advantage  of  the  high  flow  velocities 
in  this  region  to  overcome  space  charge  limitations 
close  to  the  active  dissipator  electrodes  and  to 
provide  a  mechanism  for  blowing  the  free  ions  away 
from  the  helicopter. 


1.2  TEST  SEQUENCE  AND  PROCEDURE 

The  test  program,  which  was  formulated  in  Reference  1  of 
Section  3.0,  was  divided  into  three  phases: 

1.  Laboratory  dissipator  tests  using  a  low-speed  wind 
tunnel  and  a  full-scale  mock-up  of  an  engine  exhaust 
and  aft  helicopter  fuselage. 

2.  Helicopter  ground  tests  of  selected  active  dissipator 
configurations  to  evaluate  the  thermal,  acoustic, 
soot,  and  flow  field  effects  of  an  actual  engine 
exhaust  plume. 

3.  Full-scale  flight  tests  on  a  CH-47  helicopter  at 
the  U.  S.  Army  Yuma  Proving  Ground  to  evaluate 
active  dissipators  and  remote  sensors  under  condi¬ 
tions  of  actual  helicopter  triboelectric  charging 
while  hovering  in  a  dust  cloud. 


1.3  TEST  DATA  COLLECTIOH/PROCESSING/ANALYSIS 

Success  or  failure  of  the  active  dissipation  system  was  pred¬ 
icated  on  solution  of  two  basic  problems: 

1.  Dissipation  of  a  continuous  charging  current  of  600 
microamperes  into  the  air  surrounding  the  hovering 
helicopter. 

2.  Correct  sensing  of  the  potential  difference  between 
the  helicopter  and  the  ground  while  actively  dissi¬ 
pating  high  charging  currents. 
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It  was  anticipated  by  Boeing  Vertol  that  the  dissipation  problem 
could  be  solved,  but  that  the  question  of  correct  sensing  might 
encounter  basic  limitations  from  the  physics  of  ion  clouds  and 
from  remote  sensor  concepts,  since  potentials  are  inferred  rather 
than  actually  measured  directly.  For  this  reason,  Boeing  Vertol 
went  to  the  technical  community  for  expertise  in  static  elec¬ 
tricity  dissipation  in  the  form  of  a  request  for  quote  (RFQ)  on 
the  Reference  1  program. 

Bids  were  received  from  two  technically  qualified  organizations: 
Dynasciences  Corporation  and  Stanford  Research  Institute.  The 
sensing  problem  dictated  emphasis  on  basic  electrostatic  physics 
rather  than  on  hardware.  Stanford  Research  Institute  (SRI)  was 
selected  to  perform  the  program  and  prepare  a  final  report. 

Test  data  collection,  processing,  and  analysis  are  contained  in 
the  comprehensive  subcontractor  final  report  by  Dr.  Joseph  E. 
Nanevicz  and  Mr.  D.  G.  Douglas  of  SRI,  entitled  "Electrostatic 
Discharge  System"  which  is  provided  as  Appendix  I  to  this 
document . 


1.4  TASK  CONCLUSIONS 

Appendix  I  contains  the  conclusions  derived  from  this  program. 

A  brief  summary  of  the  major  conclusions  is  provided  below. 

1.  Sensing  Accuracy  -  Under  heavy  triboelectric  charging 
conditions,  the ion  cloud  which  surrounds  a  large 
helicopter  as  a  result  of  natural  charging,  active 
dissipation,  and  electrification  of  the  ground  surface 
can  falsify  readings  from  sensors  located  on  the 
helicopter  fuselage  and  on  a  simulated  cargo  hook 
lowered  to  within  5  feet  of  the  ground.  The  residual 
discharge  energy  on  the  helicopter  resulting  from  these 
sensor  errors  can  reach  10  joules  (Table  IV,  Page  110) 
on  the  fuselage  and  1.0  joule  on  the  cargo  hook  (Table 
VII,  Page  145).  This  lack  of  sensor  accuracy,  at 
large  helicopter  charging  levels,  prevents  any  active 
dissipation  system  from  meeting  the  system  safety 
objective  of  the  heavy  lift  helicopter. 

2.  Dissipation  -  It  will  be  feasible  to  actively  dissipate 
200  microamperes  into  each  turbine  exhaust  of  the  HLH 
for  a  combined  total  of  600  microamperes  using  a 
bipolar  power  supply  of  200,000  to  250,000  volts  poten¬ 
tial.  Dissipation  from  corona  points  extending  from 
the  fuselage  into  the  rotor  downwash  could  also  provide 
currents  in  excess  of  600  microamperes  but  would 
require  approximately  8  corona  points  located  a  minimum 
of  6  feet  away  from  any  conductive  surface  of  the 
helicopter. 
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3.  Resistance  of  the  Ground  -  Prior  to  the  June  1972 
Yuma  desert  tests,  the  resistance  of  a  dry  desert 
was  considered  to  be  of  ths  order  of  10^  ohms  (Refer¬ 
ences  2  and  3) .  Measurements  at  Yuma  in  May  and 
June  1972,  near  the  end  of  a  159-day  dry  spell,  have 
shown  that  desert  resistance  is  seldom  higher  than 
10^  ohms  and  never  exceeds  10'  ohms.  This  throws 
new  light  on  the  feasibility  of  passive  dropline  dis¬ 
charging  techniques  in  lieu  of  active  dissipation  as 
shown  below: 

Ground 
Resistance 


10 ^  ohms 
10 ^  ohms 
10 6  ohms 


1.5  RECOMMENDATIONS 


Charging  Residual 

Current  Helicopter  Voltage 

600>/A  600,000 

600y*i  A  6,000 

600y*ik  600 


1.  Based  on  the  findings  of  this  program,  it  is  recommended 
that  the  Heavy  Lift  Helicopter  Advanced  Technology  Compo¬ 
nent  static  electricity  dissipation  program  be  reoriented 
from  active  dissipation  to  passive  dissipation  and 
grounding  techniques. 

2.  Primary  objective  of  a  passive  grounding  system  should 
be  protection  of  the  ground  handler  during  cargo 
hookup  operations.  A  reasonable  amount  of  sparking 
should  be  accepted  upon  grounding. 

3.  Cargo  unloading  should  be  protected  by  contact  grounding 
directly  through  the  cargo  itself. 

4.  For  the  special  case  cf  dry  snow,  where  high  surface 
resistance  could  prevent  successful  ground,  a  winter¬ 
ization  kit  approach  should  be  used  consisting  of  a 
projectile  and  trailing  wire  to  pierce  the  insulating 
layer. 
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2.0  DESCRIPTION  AND  FINDINGS  OF  PASSIVE  STATIC  ELECTRICITY 
PROGRAM 

2.1  BACKGROUND 

Based  on  the  findings  of  the  active  dissipation  program,  the 
static  dissipation  program  was  redirected  to  a  passive  system. 
The  passive  system  was  developed  and  subsequently  demonstrated 
in  May /June  1973  at  the  U.  S.  Army  Yuma  Proving  Ground. 
Appendix  II  to  this  report  fully  describes  the  tests  and  demon¬ 
stration.  Subsequent  paragraphs  summarize  the  passive  static 
electricity  system  development  program. 


2.2  OBJECTIVE 

The  primary  objective  of  the  passive  system  is  the  protection  of 
the  cargo  handler  during  cargo  hookup  operations.  This  objec¬ 
tive  presents  a  design  compromise: 

1.  A  highly  conductive  grounding  link  (such  as  a  low- 
resistance  wire)  between  the  helicopter  and  the  ground 
surface  will  leave  the  minimum  residual  voltage  on  the 
helicopter.  However,  in  case  of  inadvertent  contact 
with  the  cargo  handler  (prior  to  contact  with  the 
ground  surface),  it  will  expose  the  cargo  handler  to 
the  full  discharge  energy  stored  by  the  helicopter. 

2.  If  a  resistor  of  several  megohms  is  inserted  in  the 
grounding  line,  it  will  protect  the  cargo  handler 
against  very  high  voltages  on  the  helicopter  (e.g., 

10  Mohms  will  allow  a  contact  up  to  120,000  volts, 

20  Mohms  over  200,000  volts,  etc.)  but  will  leave  a 
residual  voltage  under  heavy  charging  conditions  due 
to  the  ohmic  voltage  drop.  At  the  HLH  design  maximum 
charging  current  of  600  microamperes,  a  total  resis¬ 
tance  between  the  helicopter  and  ground  of  10  Mohms 
will  leave  a  residual  voltage  of  6,000  volts  on  the 
helicopter,  and  20  Mohms  will  leave  a  residual  voltage 
of  12,000  volts. 


2.3  DESIGN  APPROACH 

Two  pieces  of  grounding 
The  first  is  a  resistive 
grounding  line,  which  is 
dangles  approximately  7 
used  to  lower  the  cargo 
line  contacts  the  cargo 
the  helicopter  prior  to 
ground  hookup  personnel. 


hardware  were  considered  for  the  HLH. 
grounding  link,  commonly  called  a 
attached  to  one  cargo  coupling  and 
feet  below  it.  As  the  HLH  winches  are 
coupling  for  load  hookup,  the  grounding 
or  the  ground  and  thereby  discharges 
any  handling  of  the  cargo  coupling  by 
The  second  hardware  item  is  a 


J 


w*s?k*w 


m* 


resistive  grounding  pole  intended  to  be  used  under  the  special 
circumstances  of  a  depot  location  and  a  requirement  to  handle 
or  guide  cargo  before  it  touches  the  ground.  In  this  situation, 
the  grounding  pole,  which  is  a  loose  piece  of  ground  handling 
equipment,  is  used  to  contact  the  cargo  and  to  thereby  discharge 
the  cargo  and  the  helicopter,  making  it  safe  for  ground  handler 
manipulation. 

Designs  were  formulated  by  Boeing  Vertol  for  the  grounding  line 
(Reference  4)  and  grounding  pole  (Reference  5).  Fabrication 
bids  were  solicited  from  static  electricity  discharger  manufac¬ 
turers.  Successful  bidder  was  The  Truax  Company,  Fort  Myers, 
Florida. 


2 . 4  HARDWARE  DESCRIPTION 


The  grounding  line  and  grounding  pole  hardware  are  shown  in 
Figure  1. 

2.4.1  GROUNDING  LINE  -  The  grounding  line  consists  of  the 
following  elements: 

1.  Cargo  coupling  attachment  fitting 

2.  Damage-resistant  leader 

3.  Disconnect  coupling 

4.  10  megohm  resistive  element 

5.  Disconnect  coupling 

6.  Grounding  element 

7.  Corona  discharge  element 

Electrical  conductivity  is  provided  from  end-to-end  of  the 
grounding  line. 

Cargo  Coupling  Attachment  Fitting  -  This  item  consists  of  an 
L-shaped  aluminum  bracket  which  attaches  to  the  cargo  coupling 
and  provides  a  horizontal  mounting  surface  for  the  remainder 
of  the  grounding  line . 

Damage-Resistant  Leader  -  This  item  consists  of  a  3/16-inch- 
diameter  steel  cable  encased  in  a  1/2-inch-outside-diameter 
rubber  hose  sealed  with  RTV  type  sealant  at  each  end.  Steel 
threaded  shafts  are  swaged  to  both  ends  of  the  cable  to  provide 
attachment  means  for  the  elements  above  and  below.  The  purpose 
of  this  item  is  to  absorb,  in  a  harmless  manner,  any  accidental 
impacts  which  might  occur  if  the  cargo  coupling  is  dropped  on 
the  ground  or  on  top  of  cargo,  or  if  it  is  swung  into  the  side 
of  cargo  or  other  obstacles. 
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FIGURE  1.  PASSIVE  STATIC  ELECTRICITY  DISCHARGE  SYSTEM. 


Disconnect  Coupling  -  This  item  consists  of  a  standard  pair  of 
MS  electrical  connectors.  It  serves  the  dual  purpose  of  pro- 
viding  a  convenient  means  of  replacing  damaged  elements  rather 
than  the  entire  grounding  line  and  acts  as  a  yield  feature  to 
free  the  cargo  coupling  in  the  event  that  the  grounding  line 
becomes  snagged  in  ground  obstacles  or  is  trapped  under  cargo. 
Tensile  force  for  complete  severance  is  300  to  700  pounds. 

Ten  Megohm  Resistive  Element  -  This  item  consists  of  a  1/4-inch- 
diameter  stranded  nylon  rope,  dipped  in  polyurethane  doped  with 
a  carbon  dust  of  sufficient  content  to  provide  the  required 
resistance  and  flexibility.  Heat-shrinkable  Teflon  tubing  is 
used  to  jacket  the  nylon  rope  in  order  to  prevent  shorting  of 
the  element  by  rain  droplets.  Teflon  was  selected  as  the 
jacketing  material  because  of  its  high  resistance  to  carbon 
tracking,  a  phenomenon  which  shorts  high-voltage  insulators. 

The  resistive  element  is  designed  to  carry  continuous  currents 
up  to  600  microamperes  without  deterioration.  The  purpose  of 
this  element  is  to  limit  sparking  on  ground  contact  and  also  to 
act  as  a  shock  limiter  in  the  event  the  grounding  line  is 
accidentally  touched  before  it  contacts  the  ground. 

Disconnect  Coupling  -  Same  as  prior  disconnect  coupling. 

Grounding  Element  -  This  item  consists  of  a  2-foot  length  of 
cadmium-plated  steel  chain.  Welded  tabs  are  provided  on  each 
end  link  for  compatibility  with  forked  bolts  which  in  turn  are 
attached  to  disconnect  couplings.  A  feed-through  wire  is  pro¬ 
vided  to  ensure  end-to-end  electrical  conductivity.  Its  pur¬ 
pose  is  to  provide  a  flexible,  damage-resistant  multiple  contact 
element  to  ground  the  helicopter  under  widely  varying  conditions 
of  surface  composition.  An  additional  consideration  is  to 
minimize  the  danger  of  injury  to  ground  handlers  or  damage  to 
cargo  if  inadvertently  struck. 

Corona  Discharge  Element  -  This  item  consists  of  either  a 
metal  brush  made  up  of  300  steel  wires  of  0.010  inch  diameter 
shaped  to  form  a  hemisphere,  or  a  standard  fixed-wing  aircraft 
passive  electrostatic  discharger  (Truax  Company  Model  ESD-2A) . 

The  purpose  of  this  item  is  to  decrease  the  magnitude  of  spark 
discharge  prior  to  ground  contact  by  providing  a  low  corona 
threshold  element  which  will  reduce  the  helicopter  potential 
as  it  descends  to  within  5  feet  of  the  ground. 


2.4.2  GROUNDING  POLE  -  The  grounding  pole  consists  of  the 
following  elements: 

1.  Conductive  contact  element 

2.  One  megohm  resistive  element 

3.  Lead  wire 

4.  Ground  contact  element 

5.  Insulating  rod 
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Conductive  Contact  Element  -  This  item  consists  of  a  1/4-inch- 
diameter  anodized  aluminum  rod  threaded  at  one  end  and  bent 
into  the  shape  of  a  shepherds  crook.  Its  purpose  is  to  contact 
the  cargo  and  to  accept  direct  spark  discharges  which  are  then 
carried  to  the  ground.  It  also  provides  a  means  for  gripping 
or  hooking  onto  most  types  of  external  cargo. 

One  Megohm  Resistive  Element  -  This  item  consists  of  a  12-inch- 
long  rigid  tubular  fiberglass  center-body  overcoated  with 
polurethane  doped  with  a  carbon  dust  content  sufficient  to 
provide  the  required  resistance.  Attachments  are  provided  at 
each  end  to  maintain  electrical  conductivity  with  the  conduc¬ 
tive  contact  element  and  the  lead  wire. 

Lead  Wire  -  This  item  consists  of  a  120-inch  piece  of  No.  6  AWC 
copper  braid  inside  an  equal  length  of  heat-shrinkable  Teflon 
tubing.  Disconnect  couplings  of  the  MS  electrical  type  are 
provided  at  each  end  to  permit  field  replacement  if  the  lead 
wire  becomes  damaged.  The  purpose  of  this  element  is  to  carry 
the  static  discharge  from  the  conductive  contact  element  to  the 
ground  and  also  to  serve  as  a  drain  for  a  lightning  strike  to 
the  helicopter  after  the  grounding  pole  has  been  attached  to 
the  cargo. 

Ground  Contact  Element  -  This  item  consists  of  a  2-foot  length 
of  cadmium-plated  steel  chain.  Welded  tabs  are  provided  on 
each  end  link  for  compatibility  with  forked  bolts  which  in  turn 
are  attached  to  disconnect  couplings.  A  feed-through  wire  is 
provided  to  ensure  end-to-end  electrical  conductivity.  The 
purpose  of  this  element  is  to  provide  a  reasonable  contact 
electrical  path  to  ground  under  widely  varying  terrain  conditions 
in  the  presence  of  hovering  helicopter  rotor  downwash. 

Insulating  Rod  -  This  item  consists  of  a  hollow  insulating 
fiberglass  pole  6  feet  in  length  covered  with  heat-shrinkable 
Teflon  tubing  for  water  repellency.  Its  resistance  exceeds 
100  megohms.  A  series  of  polypropylene  water  droplet  collars 
is  provided  to  prevent  rain  from  forming  a  continuous  conduc¬ 
tive  path  cown  the  length  of  the  pole.  A  rubber  handgrip  is 
provided  at  the  lower  end  to  facilitate  one-hand  usage.  The 
purpose  of  the  insulating  rod  is  to  protect  the  ground  handler 
from  the  shock  energy  levels  of  helicopter  discharging. 


2 . 5  FLIGHT  TEST  EVALUATION  PROGRAM 

The  static  electricity  hardware  was  evaluated  under  simulated 
operational  conditions  during  a  series  of  U.  S.  Army  flight 
tests  at  Yuma  Proving  Ground,  using  a  CH-47  Chinook  helicopter. 
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The  helicopter  was  hovered  over  typical  surfaces  such  as  macadam, 
concrete,  hard-packed  desert,  plowed-up  desert, and  the  contact 
was  established  by  the  grounding  line,  lowered  on  a  simulated 
cargo  hook  (aluminum  block)  or  by  the  grounding  pole.  Different 
grounding  electrodes  (chain)  and  resistive  elements  were  tested, 
under  actual  service  conditions  (whipping  in  the  helicopter 
downwash,  deployment  by  dropping  the  line,  manhandling  by  ground¬ 
ing  pole).  In  addition,  the  resistance  between  the  grounding 
electrode  and  the  good  ground  was  measured  and  plotted  in  func¬ 
tion  of  applied  voltage.  The  detailed  description  of  these 
tests  is  contained  in  Appendix  II.  It  soon  became  obvious 
that  the  grounding  resistance  is  sufficiently  low  to  insure 
acceptable  residual  voltage  after  ground  contact  was  made,  but 
that  the  grounding  line  and  the  grounding  pole  hardware  as 
supplied  by  The  Truax  Company  are  unsuitable  for  reasons  out¬ 
lined  below. 

1.  Grounding  Line 

a)  Damage  Resistive  Leader  -  The  steel  cable  should 
be  encased  in  vulcanized  rubber  to  exclude  water 
ingress  and  corrosion. 

b)  MS  Connectors  should  be  replaced  by  more  rugged 
and  more  permanent  coupling.  A  yield  feature 
should  be  included  as  a  separate  design  element 
(500  lb.  +  100  lb.). 

c)  The  flexible  resistive  element  failed  under  test 
conditions.  Subject  to  strain  of  deployment  from 
the  helicopter,  whipping  in  the  helicopter  down- 
wash  or  hooked  accidentally  by  the  grounding  pole, 
its  resistance  has  invariably  increased  by  a  factor 
of  3  to  4  (30  to  40  Mohms) .  Such  high  resistance 
would  leave  18  to  24  KVolt  residual  voltage  under 
600  microamperes  charging  and  is  therefore  unaccept¬ 
able.  The  transition  from  resistive  coating  to 
connector  was  by  means  of  a  copper  wire,  which  was 
failing  under  normal  handling.  For  the  above 
reason,  the  tests  were  completed  using  a  rigid 
ceramic  resistor  with  good  resistance  stability, 
but  unsuitable  for  the  incorporation  in  the  actual 
design.  The  redesign  of  the  resistive  element 

(and  the  whole  grounding  line)  is  contained  in 
Appendix  III.  Full  redesign  considerations  are 
given  in  Paragraph  2.7  of  this  report. 

d)  Grounding  Chain  -  Its  length  will  be  increased  from 
2  feet  to  3  feet,  to  allow  for  more  vertical  motion 
of  the  hovering  helicopter. 
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e)  The  Corona  Discharge  Elements  will  be  eliminated 
because  the  tests  have  shown  that  its  contribution 
to  RFI  cannot  be  detected  in  presence  of  other  RFI 
generated  under  triboelectric  charging  conditions. 


2.  Grounding  Pole  -  As  stated  in  Paragraph  2.6,  Item  c  of 
this  report^  Tt  was  concluded  that  the  use  of  the  ground 
ing  pole  is  not  warranted.  The  deficiencies  of  the 
grounding  pole  are  reported  below  in  case  some  user  has 
a  requirement  for  the  grounding  pole  rather  than  the 
grounding  line  (e.g.;  U.  S.  Coast  Guards  are  using  the 
grounding  pole  for  shipboard  operation) . 

a)  The  contact  hook  should  be  i?placed  by  some  form  of 

a  clip-on  device,  which  would  prevent  accidental 
breaking  of  the  grounding  contact  and  thus  free 
the  cargo  handler  from  holding  the  contact  unbroken 
(Note:  If  the  contact  is  accidentally  broken,  the 

helicopter  regains  full  voltage  in  1  to  2  seconds). 

b)  1.0  Mohm  Resistor  should  be  eliminated.  Its  reduc¬ 
tion  of  sparking  of  the  grounding  chain  is  insignifi¬ 
cant.  To  limit  the  danger  of  spilled  fuel  ignition, 
a  much  higher  resistance  is  required,  which  would 
defeat  the  voltage  lowering  process. 

c)  Water  droplet  collar  must  be  lighter. 

d)  The  grip  must  be  of  larger  diameter  and  longer,  to 
allow  holding  the  pole  with  both  hands. 


2.6  TASK  CONCLUSIONS 

The  following  conclusions  have  been  drawn  from  the  flight  evalua¬ 
tion  of  passive  static  electricity  hardware: 

1.  The  concept  of  a  resistive  grounding  link  between  a 
hovering  Heavy  Lift  Helicopter  and  the  ground  for 
static  electricity  potential  equalization  is  viable 
for  typical  moderate  climate  surfaces. 

2.  A  passive  grounding  line  with  a  10-megohm  series 
resistance  should  be  employed  on  the  HLH  to  protect 
ground  handlers  from  static  electricity  during  cargo 
hookup  operations.  The  design  of  the  grounding  line 
should  be  revised  to  provide  10  Mohm  resistance  stable 
within  ±1  Mohm  under  temperature,  voltage,  and  strain 
variations,  retaining  its  flexibility  and  providing 
good  protection  against  service  abuse  (Appendix  III 
and  Paragraph  2.7  of  this  report).  All  other  improve¬ 
ments  outlined  in  Paragraph  2.5,  Item  1.,  should  be 
included. 
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3.  A  grounding  pole  should  not  be  used  with  the  HLH ,  since 
ground  personnel  could  receive  severe  shocks  if  contact 
were  inadvertently  lost  with  the  cargo. 


2.7  DESIGN  OF  HLH  RESISTIVE  GROUNDING  LINK 

1.  General .  Due  to  lack  of  firm  data  on  stability  of 
Flexible  resistors  (temperature,  voltage/ mechanical 
strain)  it  was  decided  to  take  the  following  approach 
on  the  design  of  the  grounding  line. 

a)  Long  Term  Solution  -  Flexible  resistor,  fully 
tested  for  environmental  conditions  will  be  used 
when  it  is  offered  by  the  resistor  industry. 

b)  Short  Term  Solution  -  Fixed  resistive  elements  of 
suitable  stability,  properly  protected  from  service 
life  abuse  will  be  used. 

The  short  term  solution  is  discussed  below  and  shown  in 
Appendix  III. 

2.  Basic  Design.  The  resistive  line  will  consist  of  3 
elements  3.3  Mohm  each,  70  KVolt  each,  7  inches  long. 
Each  resistor  will  be  incased  in  a  strong  protective 
tubing  for  mechanical  protection,  and  potted  on  ends  to 
exclude  water  ingress  and  corrosion.  The  resistors  are 
chosen  from  the  products  of  the  Resistance  Products  Co. 
in  Harrisburg.  Their  resistors  were  used  by  Princeton 
University  and  ECOM  in  experiments  described  in  Ref. 5. 
(NOTE:  Other  companies  equally  qualified  are  Victoreen 
Resistors,  Cleveland,  Ohio,  and  International  Resistance 
Company . ) 

3.  Resistance  stability  Requirements.  The  resistor  must 
hold  its  resistance  within  +10%  from  -65°F  to  160°F 
(per  HLH  specifications)  under  maximum  voltage  of  200 
KVolt  (120  KVolt  for  dry  climate,  measured  in  Yuma 
desert,  200  KVolt  anticipated  for  the  Arctic) . 

4.  Industry  Standards.  The  resistor  industry  uses  defini- 
tions  given  below: 

a)  Temperature  Stability  -  Percentage  per  *C 

b)  Voltage  Stability  -  Resistance  is  measured  at  1/10 
voltage,  then  at  full  voltage.  The  resistance  change 
per  volt  is  defined  as 

R  at  0.1  volts  -  R  full  volts 
Volts  -  1/10  Volts 
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Types  of  Resistors  Available.  Two  resistance  types  are 

available  from  the  resistor  industry,  namely: 

•  Carbon  film  deposited  on  fiberglass.  This  resis¬ 
tance  has  the  advantage  of  a  flexible  rod  <fiber- 
glass),but  the  carbon  coating  exhibits  large  tempera¬ 
ture  and  voltage  coefficients. 

•  Metal  oxide  film  deposited  on  ceramic.  This  resis¬ 
tance  has  the  disadvantage  of  rather  brittle  rod 
(alum,  oxide)  but  the  oxide  deposit  has  superior 
temperature  and  voltage  characteristics.  It  is 
pointed  out  that  +  1.0  Mohm  resistance  change  is 
rather  conservative  and  probably  +2.0  Mohm  resis¬ 
tance  change  would  be  acceptable  in  service.  In 
Items  a)  and  b)  below,  the  two  resistance  types  are 
described  in  more  detail. 

a)  Carbon  Deposited  on  Fiberglass  -  3.3  Mohm,  70  KVolt, 
126°C  Temperature  Range. 

•  Resistance  change  with  temperature 

10-3  per  °C 

10‘3  x  126  =  12.6%  =  1.26  Mohm  for  10  Mohm 

•  Resistance  change  with  voltage 


3  x  10-  - 

Change:  3  x  10~6  x  7  x  104  Volt  x 

3 . 3  Mohm  =  0.7  Mohm 
2.1  Mohm  for  10  Mohm 
Total  change:  3.36  Mohm 


Per  Volt 


This  resistor  could  be  used  if  nothing  better  was  availa¬ 
ble,  but  was  rejected  for  a  better  one  which  is  described 
in  the  following. 


b)  Metal  Oxide  (RPC  Type  X7071)  on  Ceramic  (alum,  oxide) . 

•  Resistance  change  with  temperature 

200  x  10“6  per  °C  =  2  x  10-4  per  °C 

for  126 °C  and  10  Mohms  =  0.25  Mohms 
(Note:  Victoreen  claims  3.5  x  10-4  per  °C  ) 

•  Resistance  change  due  to  voltage: 

10“6  per  volt.  ^ 

10  Mohms  x  10“6  x  180  x  10 J  =  1.8  Mohms 

(Note:  Victoreen  claims  5  x  10-6  per  Volt) 
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Total  Resistance  Changes  2.0  Mohms  approx.,  which 
corresponds  to  +  1  Mohm  change.  This  type  of 
resistor  was  selected. 


6.  Resistor  Data.  Length  7.C  inches,  which  corresponds  to 
10  Volt/mi 1,  customary  in  resistor  design  (an  insulat¬ 
ing  sleeving  can  be  provided,  e.g.,  heat-shrinkable 
Teflon  tubing, if  service  tests  show  flashover  problem 
exists). 

Continuous  current  carrying  capability  -  .!  mA,  maximum 
1.6mA. Surge  capability  -  1.4  A  for  1  microsecond  (approxi¬ 
mately)  ,  Total  Resistance  Change  Due  to  Temperature  and 
Voltage:  less  than  +  1.0  Mohm. 

End  caps,  stainless  steel  or  nickel,  0.1  wide.  Thick¬ 
ness:  15  mil  +  1  mil  (Pigtails  spot  welded  on  both  ends 

to  end  caps  ). 


7.  Problem  of  Thermal  Expansion  and  Potting.  The  aluminum 
oxide  is  not  flexible;  hence  it  must  be  protected  from 
mechanical  abuse.  Enclosing  the  resistor  inside  a 
Teflon  cylinder  would  provide  good  water-repellency  and 
a  strong  case.  Potting  looks  like  a  very  attractive 
solution  against  water  ingress  and  dielectric  strength. 
Unfortunately,  the  difference  in  thermal  expansion  of 
the  materials  in  question  excludes  potting  of  the  whole 
resistor  length  (see  Table  1  below) . 

TABLE  1. 


Material 

Linear  Thermal 
Expansion  Coeff. 

Total  Expansion 
on  7"  Length 
for  126  °C 

Expansion 
for  126°C 

Alum. Oxide 

7  x  10”6  per  °C 

6.3  mil 

pH 

iH  *rH 

*H  £ 

G  <Ti 

o\ 

00  rH  rH 

px  -H 

O  G  0 

Fiberglass 

8  x  10"6  per  °C 

8.0  mil 

Teflon 

95  x  10"6  per  °C 

84  mil 

< — 

4->  -P 

in 

in  ro  oo 

ID  rH  m 

< -  H 

Potting 

Compound 

BAC  5550 

160  to  230  x 

10-6  per  °C 

142  to  205  mil 

It  is  obvious  that  potting  the  whole  length  of  7"  would 
present  very  difficult  packaging.  The  40- mil  expansion 
difference  between  the  Tefon  and  aluminum  oxide  pre¬ 
sents  a  problem,  which  wou. 1  require  some  flexible 
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bellows  on  both  sides  of  the  resistor.  A  suitable  com¬ 
promise  is  a  fiberglass  case,  covered  with  heat  shrinka¬ 
ble  Teflon  tubing  or  polyolefine  tubing  (for  water 
repellency,  carbon  tracking),  and  potting  of  both  ends 
of  the  tube  only. 
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2 . 8  RECOMMENDATIONS 

2.8.1  PASSIVE  STATIC  ELECTRICITY  HARDWARE 


1.  The  resistive  grounding  link  design  presented  in 
Appendix  III  should  be  adopted  for  the  HLH. 

2.  The  HLH/ATC  development  program  does  not  include  full 
hardware  qualification.  The  resistive  grounding  link 
(Appendix  III)  should  be  subjected  to  military  qualifi¬ 
cation  prior  to  production. 


2.8.2  ARCTIC  INVESTIGATION 

The  significance  of  arctic  climates  on  grounding  surface  resis¬ 
tance  is  unknown.  Since  surface  resistance  affects  the  perfor¬ 
mance  of  the  resistive  grounding  link,  typical  arctic  surface 
resistances  should  be  established  at  HLH  residual  static  elec¬ 
tricity  potentials  to  extend  hardware  application  to  these 
climates . 


Survey  of  the  literature  in  the  United  States,  United  Kingdom, 
and  Canada  has  shown  that  there  is  no  data  available  on  contact 
resistance  of  a  grounding  element  at  voltages  up  to  14  KVolt 
and  currents  of  the  order  of  600  microamperes.  Some  physicists 
(Prof.  J.R.  Addison  of  McGill  University)  believe  that  surface 
conduction  of  the  snow  crystals  at  such  elevated  voltages  will 
be  more  significant  than  the  relatively  low  conductivity  measured 
for  conduction  through  the  ice  crystal's  body.  It  is  quite 
possible  that  the  grounding  contact  resistance  will  be  suffi¬ 
ciently  low  to  assure  operational  feasibility  of  the  passive 
method  even  under  worst  (dry  snow)  condition. 
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APPENDIX  I 


ELECTROSTATIC  DISCHARGE  SYSTEM 


FOREWORD 


This  report  wa9  prepared  by  Stanford  Research  Institute,  Menlo 
Park,  on  Army  Contract  DAAJ01-71-C-0840(P40) ,  subcontract  P.0.  CH-700377, 
The  work  was  administered  under  the  direction  of  The  Vertol  Division, 
Boeing  Company,  Philadelphia,  Pa,  Mr.  B.  J.  Solak  was  the  technical 
monitor. 


The  studies  presented  began  in  December  1971  and  concluded  in 
September  1972.  This  report  describes  research  performed  by  the 
Electronics  and  Radio  Sciences  Division,  Electromagnetic  Sciences 
Laboratory  of  Stanford  Research  Institute.  The  principal  investigator, 
Dr.  J.  E.  Nanevicz,  was  iesponsible  for  research  activity  under  SRI 
Project  1657. 
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ABSTRACT 


Laboratory  and  flight  tests  were  performed  to  investigate  various 
active  discharger  systems,  and  the  sensing  problem  as  it  relates  to  the 
Boeing  301  HLH  Helicopter,  Excellent  agreement  between  laboratory 
studies  and  flight  tests  were  obtained. 

The  experiments  show  that  while  high-net-current  (>  600  uA)  dis¬ 
charger  designs  were  probably  feasible  for  the  HLH  helicopter,  the 
accurate  sensing  of  the  helicopter  potential  (with  respect  to  ground) 
would  be  very  difficult  when  the  helicopter  was  operated  in  an  external 
space-charge  environment. 
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I  INTRODUCTION 


For  many  years  it  has  been  known  that  when  an  aircraft  (fixed  or 
rotary-wing)  operates  in  an  environment  containing  particles  (snow,  ice 
crystals,  rain,  dust,  etc.)  there  is  a  high  probability  that  the  aircraft 
will  become  electrified  due  to  triboelectric  (i.e.,  frictional)  charging. 
This  charging  can  increase  the  potential  of  the  aircraft  to  a  point, 
beyond  which  further  charging  results  in  corona  discharges  from  various 
parts  of  the  airframe  to  the  surrounding  air.  These  uncontrolled  high- 
energy  discharges  can  interfere  with  radio  equipment  and/or  prematurely 
detonate  explosive  devices  or  ignite  inflammable  materials. 

Considerable  effort  has  been  expended  in  recent  years  in  identifying 
and  solving  this  problem  on  fixed-wing  aircraft.  The  solution  has  gen¬ 
erally  been  to  Install  corona-discharge  devices  that  lower  the  aircraft 
potential,  through  passive  or  active  means,  to  acceptable  levels.  These 
devices  utilize  a  non-recirculating  discharge  system  in  which  the  rapid 
flow  of  air  over  the  aircraft  surfaces  is  used  to  carry  away  the  ions 
created  by  the  corona  discharge  to  allow  a  reduction  in  potential  to 
low  energy  levels. 

A  hovering  helicopter,  however,  presents  a  different  problem  not 
easily  solvable  by  conventional  means.  There  is  no  slipstream  into 
which  ions  may  be  injected  and  suitably  carried  away  from  the  aircraft. 
The  hovering  helicopter  and  its  rotor  down-wash  tend  to  form  a  "closed 
loop"  system —  i.e.,  ions  injected  into  the  rotor  wash  tend  to  recirculate 
back  to  the  airframe  through  the  convective  processes  beneath  the 
helicopter. 


With  the  increased  use  of  helicopters  in  cargo  operations,  the 
electrostatic  discharge  encountered  when  the  cargo  is  grounded  poses  a 
serious  hazard  to  ground  personnel  and  to  explosive  or  inflammable 
materials.  This  hazard  continues  to  increase  as  helicopters  become 
larger,  since  the  capacitance  of  the  helicopter  (and  hence  the  energy 
released  on  discharge)  is  proportional  to  the  size  of  the  helicopter. 

The  program  described  below  was  undertaken  in  an  attempt  to  define 
a  few  optimum  discharger  designs  that  might  be  used  on  the  Boeing  '101 
HLH,  and  to  determine  the  feasibility  of  correctly  sensing  the  heli¬ 
copter-to-ground  potential  using  electric-field  meters. 

When  considering  the  problem  of  maintaining  the  potential  of  a 
hovering  helicopter  near  zero  (with  respect  to  ground)  it  becomes 
apparent  that  the  most  crucial  problems  are  (1)  devising  a  scheme  for 
accurately  measuring  the  helicopter-to-ground  potential  in  the  presence 
of  charged  particles,  discharged  ions,  and  external  electric  fields, 
and  (2)  designing  and  positioning  a  discharging  element  or  the  heli¬ 
copter  capable  of  removing  from  the  aircraft  the  required  discharge 
current.  There  are  many  other  problems  associated  with  the  development 
of  a  functioning  active  discharging  system,  such  as  designing  a  high- 
voltage  supply  capable  of  operating  in  the  helicopter  environment,  and 
designing  a  stable  servo  system,  but  unless  the  problems  of  sensing  and 
discharging  have  been  solved,  all  other  problems  are  academic. 

A  review  of  the  general  problem  quickly  indicated  that  any  approach 
to  this  investigation  must  lean  heavily  on  experiment.  The  geometry  of 
the  helicopter  is  sufficiently  complicated  that  a  purely  analytical 
approach  to  a  study  of  the  electrostatic  fields  in  its  vicinity  is 
difficult.  The  problem  is  further  complicated  by  the  fact  that  a 
hovering  helicopter  may  not  be  located  in  a  field-free,  charge-free 
region,  but  can  be  surrounded  by  charged  particles  of  various  kinds, 
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(ice,  dust,  discharged  ions,  etc.)  severely  complicating  the  sensing 
problem.  The  primary  limit  on  current  discharged  from  an  element  is 
established  by  the  ion  cloud  formed  about  the  element  by  the  discharge 
products.  Accordingly,  to  determine  discharge-current  levels,  it  is 
mandatory  that  the  airflows  about  the  helicopter  (which  are  responsible 
for  carrying  away  the  discharge  products)  be  known  or  simulated 
accurately.  Proper  description  of  all  of  these  parameters  in  sufficient 
detail  to  permit  an  accurate  analytic  solution  appeared  impossibly 
difficult,  so  that  a  highly  experimental  approach  was  followed  instead. 

In  further  planning  the  possible  approaches,  it  was  observed  that 
flight  tests  can  be  very  expensive  ind  marginally  productive  unless  they 
are  carefully  planned  to  eliminate  as  much  as  possible  random  testing 
involving  a  wide  variety  of  configurations.  This  consideration  dictated 
that  flight  tests  be  preceded  by  thorough  laboratory  and  ground  tests 
to  serve  as  a  guide  in  determining  the  ultimate  course  of  the  flight  tests. 


s 


With  the  above  arguments  in  mind,  it  was  decided  that  the  program 
would  be  conducted  in  three  phases.  In  the  first,  laboratory  simulations 
were  carried  out  at  SRI  to  Investigate  likely  approaches,  and  to  weed 
out  those  that  proved  to  be  undesirable.  The  laboratory  tests  also 
provided  an  opportunity  to  vary  certain  parameters  such  as  size  and 
spacing  to  investigate  their  effect  on  system  performance  and  to  do 
these  things  economically.  In  the  second  phase,  ground  tests  were 
carried  out  on  a  CH-47  helicopter  at  Boeing  Vertol  in  Philadelphia  to 
verify  the  laboratory  results  and  gain  additional  insight  into  the  dis¬ 
charging  processes  as  they  apply  to  the  CH-47.  The  ground  tests  also 
afforded  the  opportunity  to  investigate  the  workability  of  proposed 
flight-test  systems  in  an  actual  helicopter  environment.  In  the  third 
phase,  flight  tests  were  conducted  at  the  Yuma  Proving  Ground,  Yuma, 
Arizona,  using  an  instrumented  CH-47  helicopter.  During  these  tests, 
conducted  in  May  and  June,  1972,  the  best  of  the  discharger  designs 
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selected  In  the  laborntory  and  ground  tests  were  thoroughly  examined. 
Concurrent  with  the  discharger  evaluations  in  the  flight-test  phase, 
airborne  and  ground  field  meters  were  used  to  determine  the  feasibility 
of  accurately  inferring  the  potential  of  the  helicopter  with  respect 
to  ground . 
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II  LABORATORY  INVESTIGATION  OF  DISCHARGER  DESIGNS 

Experience  in  designing  aircraft  discharging  systems  has  indicated 
that  it  is  essential  that  the  discharge  products  (ions)  be  injected 
into  a  high-velocity  airstream  to  carry  them  away  and  minimize  the 
limitation  of  the  discharge  by  the  presence  of  the  discharge  ion  cloud, 
or  space  charge.  In  addition,  it  is  important  that  the  discharge  pro¬ 
ducts  be  directed  away  from  any  field-sensing  devices  being  used  to 
measure  aircraft  potential,  because  these  charged  particles  may  intro¬ 
duce  a  measurement  error.  In  casting  about  for  likely  locations  for 
discharging  elements,  one  is  immediately  led  to  the  rotor-blade  tips 
since  these  are  regions  of  clearly  defined,  high-velocity  airflow.  This 
technique  was  not  studied  because  locating  active  discharging  elements 
on  the  rotor  blades  greatly  complicates  rotor  design,  and  the  costs 
involved  were  beyond  the  scope  of  the  present  program.  A  second,  smaller 
and  slower  region  of  directed  airflow  away  from  the  helicopter  exists 
in  the  turbine  engine  exhausts.  The  feasibility  of  locating  discharging 
elements  here  was  investigated  on  the  present  program.  A  third  region 
of  directed  airflow  away  from  the  helicopter  is  located  amidship  in  the 
region  where  the  two  rotors  intersect.  The  functioning  of  a  discharging 
element  in  this  location  was  also  investigated. 
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In  designing  a  discharging  system,  one  must  select  a  discharger 
configuration,  a  discharger  location,  and  an  operating  potential.  Mu  y 
combinations  of  these  parameters  are  possible,  and  to  test  all  of  the 
combinations  during  flight  tests  would  be  prohibitively  expensive.  It 
was  decided,  therefore,  that  a  helicopter  mock-up  would  be  used  in  a 
laboratory  program  to  investigate  a  wide  variety  of  discharger  arrange¬ 
ments,  and  to  select  the  most  promising  for  further  investigation  during 
the  ground  and  flight  tests. 
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It  was  observed  that,  in  order  to  expedite  the  investigation  of 
the  various  design  parameters,  it  would  be  desirable  to  have  an  operating 
full-scale  model  of  the  discharging  system,  aircraft,  and  engine  available 
in  the  laboratory.  This  approach  is  far  preferable  to  simply  placing  the 
engine  mock-up  in  a  uniform  low-velocity  airflow  field,  because  the 
actual  space-charge  distributions  expected  can  be  more  realistically 
simulated.  This  was  accomplished  at  minimum  cost  by  modifying  an 
existing  water-wave  wind-tunnel  facility  in  the  Electromagnetic  Sciences 
Laboratory  at  SRI.  This  facility  employs  two  30,000-cfm  centrifugal 
blowers  to  generate  a  maximum  wind  velocity  of  55  ft/s  in  a  tunnel  of 
3-ft-by-5-ft  cross  section  as  shown  in  the  sketch  of  Figure  2.  By 
building  an  adapter  section  in  the  output  plenum  chamber  and  knocking 
a  hole  in  the  wall  of  the  chamber,  it  was  possible  to  use  the  air  source 
to  feed  a  22-inch-diameter  cylindrical  tube  simulating  the  CH-47  heli¬ 
copter  engine  exhaust.  The  "engine"  and  a  full-scale  mock-up  of  the 
aft  part  of  the  Chinook  helicopter  in  the  immediate  vicinity  of  the 
engine  were  installed  in  the  room  beyond  the  plenum  chamber. 

A  photograph  of  the  laboratory  set-up  is  shown  in  Figure  3.  The 
mock-up  consisted  of  a  wooden  framework  covered  with  sheet  metal  to 
simulate  the  electrical  characteristics  of  the  helicopter  fuselage. 
Provisions  were  made  to  electrically  isolate  the  aft  end  of  the  engine 
tail-pipe  and  the  helicopter  mock-up  to  permit  such  parameters  as  local 
recirculation  to  be  studied  in  the  laboratory.  A  track  made  of  PVC 
plast  ic  pipe  was  used  to  support  various  discharging  elements  under  study. 

Once  the  "engine"  was  operational,  a  series  of  velocity-profile 
measurements  were  made  at  various  stations  behind  the  tail  pipe.  The 
results  of  these  measurements  are  shown  in  Figure  4.  It  is  seen  from 
this  figure  that  the  modifications  made  to  the  wind  tunnel  allowed  an 
increase  in  wind  speed  to  about  125  ft/s.  It  is  evident  that  at  a 
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FIGURE  3  LABORATORY  MOCK-UP  OF  CH-47  HELICOPTER  FUSELAGE  AND  ENGINE 
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FIGURE  4  VELOCITY -PROFILE  MEASUREMENTS  OF  ENGINE-SIMULATOR  OUTPUT 


position  one  tail-pipe  diameter  downstream  of  the  exit  plane  the  flow 
is  still  very  clearly  defined  and  has  not  grown  appreciably  in  diameter. 
Farther  downstream,  however,  the  boundary  of  the  flow  becomes  less 
clearly  defined,  and  the  flow  becomes  turbulent.  These  results  are 
interesting,  because  they  indicate  that  there  is  little  flow  actually 
impinging  on  the  body  of  the  helicopter  to  cause  recirculation.  Although 
the  maximum  flow  velocity  in  the  simulator  engine  is  slower  than  the 
300- ft/ s  turbine  exhaust  velocities  on  the  CH-47,  it  was  felt  that  the 
important  aspects  of  various  discharger  design  parameters  could  be 
adequately  investigated  with  these  speeds,  and  costly  modification  of 
the  wind  tunnel  to  increase  wind  speed  would  be  avoided.  A  measure  of 
the  sensitivity  of  a  particular  parameter  to  wind  speed  could  be  obtained 
by  repeating  measurements  at  several  wind  speeds.  Provisions  were 
included  in  the  existing  tunnel  to  vary  wind  speed  by  adjusting  louver 
settings  on  the  centrifugal  blower  input. 

During  the  laboratory  discharger  tests  the  candidate  discharging 
electrodes  were  mounted  on  a  PVC  rail  running  parallel  to  the  exhaust 
axis  and  positioned  22  inches  below  the  axis.  The  rail  was  attached  to 
the  mock-up  at  the  forward  e:’d  and  was  mounted  on  a  strut  extending  to 
the  aft  end  as  is  shown  in  Figure  2. 

The  approach  to  testing  in  the  facility  was  as  follows.  First,  a 
variety  of  possible  discharging-element  designs  were  conceived  and 
assembled.  Some  of  these  designs  were  mechanically  awkward,  while  others 
appeared  to  be  electrically  less  desirable  than  others.  These  "ugly 
ducklings"  were  deliberately  included  in  the  initial  testing  to  make 
certain  that  no  satisfactory  design  was  accidentally  discarded  as  the 
result  of  unjustified,  preconceived  bias.  Next,  each  successive  design 
was  installed  in  the  laboratory  simulation  facility  and  evaluated 
according  to  the  following  general  procedure.  The  "engine  exhaust" 
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wind  speed  was  set  at  the  maximum  value  of  125  ft/s  and  the  power-supply 
voltage  was  then  increased  in  steps  to  its  maximum  value.  Next,  while 
the  power-supply  voltage  was  held  at  its  maximum  value,  the  airspeed 
was  decreased  in  steps  to  zero.  Where  appropriate,  the  position  of  the 
discharging  element  was  varied  from  one  to  three  nozzle  diameters  aft 
of  the  engine  exhaust  plane,  and  the  test  sequence  was  repeated. 
Measurements  were  made  of  wind  speed,  power-supply  voltage,  power-supply 
current,  net  discharge  current,  current  recirculated  to  the  helicopter 
body,  recirculation  current  to  an  electrically  isolated  patch  on  the 
fuselage,  and  current  arriving  on  a  large  metal  screen  located  approxi¬ 
mately  10  ft  downstream  from  the  aft  end  of  the  helicopter.  The  voltage 
and  currents  measured  are  illustrated  schematically  in  Figure  5..  Taking 
data  in  this  way  limits  to  a  tractable  quantity  the  number  of  combinations 
of  supply  voltage  and  wind  speed  that  must  be  measured  to  specify  the 
performance  of  a  particular  discharger  design.  With  these  measurements 
taken,  it  is  possible  to  extrapolate  the  data  both  to  higher  wind  speed 
and  to  higher  power-supply  voltage,  to  estimate  ultimate  per.ormance 
capabilities . 

A  description  of  some  of  the  more  Interesting  designs  investigated 
is  given  in  Figure  6  along  with  an  indication  of  the  results  observed 
for  the  maximum  wind  velocity.  In  Column  1  of  the  figure  are  shown  the 
results  for  a  single  sharp  point  located  on  the  axis  of  the  engine  and 
one  nozzle  diameter  downstream  of  the  exit  plane.  Comparing  Column  2 
with  Column  1  we  find  that  moving  this  same  point  to  a  position  roughly 
four  nozzle  diameters  downstream  of  the  exit  plane  markedly  reduces 
the  current  recirculating  back  to  the  airframe  and  increases  the  net 
current  discharged  from  23  to  60  pA.  Column  3  demonstrates  that  some 
additional  discharging  capability  is  achieved  by  using  three  discharging 
points  spaced  over  a  line  somewhat  smaller  than  the  exit-plane  diameter. 
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FIGURE  5  SCHEMATIC  REPRESENTATION  OF  VOLTAGE  AND  CURRENTS  MEASURED 
IN  THE  LABORATORY  SIMULATION  FACILITY 
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FIGURE  6  PERFORMANCE  OF  VARIOUS  DISCHARGER  DESIGNS  AT  125-ft/s  WIND  SPEED  IN  LABORATORY  MOCK-UP 


Columns  4  through  6  summarize  a  scries  of  experiments  using  a 
discharging  element  consisting  of  a  ring  equipped  with  discharging  points 
pointing  inward  or  outward  from  its  periphery.  (This  general  design  is 
interesting  since,  by  proper  location  of  the  pins,  it  results  in  a  low- 
noise  discharging  system.)  Comparing  Columns  4  and  5,  we  find  again 
that  moving  the  discharging  element  to  a  position  roughly  four  nozzle 
diameters  downstream  of  the  exit  plane  decreases  recirculation  and 
increases  the  net  discharge  current.  Within  Column  5  we  find  that  a 
ring  fitted  with  inward-facing  pins  discharges  roughly  the  same  net 
current  as  one  fitted  with  outward -facing  pins,  but  that  with  the  inward¬ 
facing  pins,  the  power-supply  current  (and  hence  recirculating  current) 
is  half  as  high.  Comparing  Columns  5  and  6  indicates  that  by  using  a 
22-inch-diameter  ring  with  both  inward-  and  outward-facing  pins,  one  can 
achieve  a  slight  increase  in  net  discharge  current  while  sustaining  a 
substantial  increase  in  recirculation  current. 


Column  7  gives  the  results  of  an  experiment  in  which  a  single  0.0003- 
inch-dlametcr  wire  was  used  as  the  discharging  element.  For  this  test, 
the  power-supply  voltage  was  restricted  to  76  kV,  so  that  the  current 
was  lower  than  it.  would  have  been  with  110  kV  applied.  At  the  higher 
voltage,  the  discharge  current  should  approach  that  of  the  other  dis¬ 
charger  configurations  tested  C*  60  pA). 

Column  8  gives  the  results  of  the  experiment  in  which  an  auxiliary 
grounded  electrode  was  placed  in  proximity  to  the  discharging  electrode 
in  an  effort  to  achieve  the  desired  discharge  current  at  lower  power- 
supply  voltage.  During  these  experiments  great  care  was  exercised  to 
avoid  arc-over,  which  might  damage  the  power  supply.  Accordingly,  the 
voltage  was  restricted  to  80  kV  in  this  configuration,  giving  a  net 
discharge  current  of  50  mA,  It  appears  that  discharge  currents  of  60 
to  70  (iA  could  be  achieved  at  a  power-supply  voltage  somewhat  below  110  kV. 
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The  power-supply  current  for  the  configuration  of  Column  8  will  be 
higher  than  that  required  for  the  same  discharge  current  for  a  lone 
15-inch  ring  with  inward-facing  pins  as  illustrated  in  Column  5. 


The  last  three  columns  in  the  figure  illustrate  a  set  of  experiments 
conducted  to  investigate  the  effectiveness  of  using  an  auxiliary  grounded 
electrode  to  reduce  the  power-supply  voltage  requirements  of  a  single- 
point  discharger.  In  Columns  9  and  10  it  is  evident  that  the  re¬ 
circulation  current  increases  markedly  when  the  point  is  even  with  or 
upstream  of  the  auxiliary  ring.  Unfortunately  the  higher  recirculation 
current  is  not  accompanied  by  an  increased  discharge  current.  With  the 
design  of  Column  11  it  was  possible  to  achieve  a  slightly  higher  dis¬ 
charge  current  than  was  achievable  with  a  single  point  (see  Column  2) 
for  a  given  power-supply  voltage. 


Based  on  tests  performed  on  the  discharger  configurations  shown 
in  Figure  6,  more  exhaustive  tests  were  conducted  on  those  dischargers 
showing  promise  electrically,  and  that  might  lend  themselves,  mechanically, 
to  the  ground-  and  flight-test  program. 


Although  detailed  data  were  taken  for  each  discharger  configuration, 
it  is  instructive  to  look  first  at  only  the  data  for  top  wind  speed  and 
highest  supply  voltage  to  see  how  discharge  current  varies  with  dis¬ 
charger  design  and  location  for  these  "more  promising"  configurations. 
Data  for  the  single  discharge  point  are  presented  in  this  abbreviated 
form  in  Figure  7.  In  Column  1  we  see  that  as  the  discharge  point  is 
moved  farther  downwind  from  the  "engine"  exhaust  plane,  the  power- 
supply  current  decreases  and  the  net  discharge  current  increases.  These 
results  indicate  that  the  net  discharge  current  achievable  is  limited  by 
recirculation  to  the  airframe  in  the  immediate  vicinity  of  the  dis¬ 
charging  element.  For  this  reason,  discharging  elements  positioned  far 
back  from  the  fuselage  result  in  a  higher  net  discharge  current  even 
though  they  are  located  in  a  region  of  somewhat  reduced  flow  velocity. 


39 


FIGURE  7  GENERAL  RESULTS  OF  EXPERIMENTS  WITH  DISCHARGER 
POINT  FOR  WIND  SPEED  =  125  ft/s 
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In  Column  2,  the  effect  of  moving  the  discharge  point  away  from 
the  center  line  of  the  engine  Is  illustrated.  Evidently  the  vortical 
position  V  along  the  center  line  results  in  maximum  net  discharge 
current.  Although  moving  the  point  away  from  the  skin  to  Positions  A 
or  B  reduces  the  power-supply  current,  it  also  reduces  the  net  discharge 
current.  As  might  be  expected,  moving  the  point  toward  the  skin  to  C 
increases  the  power-supply  current  (as  the  result  of  increased  re¬ 
circulation),  but  also  reduces  the  net  discharge  current.  Apparently 
discharge  current  is  maximized  when  the  ion  density  is  uniformly  dis¬ 
tributed  throughout  the  exhaust. 

Column  3  illustrates  the  effect  of  using  an  auxiliary  electrode 
in  an  effort  to  achieve  the  desired  discharge  current  at  lower  power- 
supply  voltage.  Although  the  power-supply  current  is  drastically 
increased,  most  of  this  current  flows  to  the  auxiliary  ring,  and  the 
net  current  is  lower  than  it  would  have  been  without  the  ring. 

Column  1  of  Figure  8  illustrates  two  sets  of  experiments  using  a 


©  © 


FIGURE  8  RESULTS  OF  EXPERIMENTS  ON  THE  USE  OF  A  LONG  ELEMENT  AS  A 
DISCHARGER  FOR  WIND  SPEED  =  125  ft/s 
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single  0. 003-inch-diameter  wire  as  n  discharging  element.  The  purpose 
of  these  tests  was  to  investigate  the  way  in  which  discharging 
characteristics  are  affected  by  the  length  and  placement  of  the  wire. 

In  Configuration  A,  the  wire  extended  from  a  point  on  the  center  line 
of  the  exhaust  at  a  distance  one  nozzle  diameter  downstream,  to  a  point 
on  the  top  of  the  exhaust  three  diameters  downstream.  To  achieve 
Configuration  B,  the  wire  was  merely  translated  down  by  one-half  a 
nozzle  diameter.  The  effect  of  this  translation  was  to  markedly  increase 
the  power-supply  current  while  at  the  same  time  reducing  the  net  dis¬ 
charge  current.  In  Configuration  C,  a  shorter  wire  was  used  to  span  the 
entire  nozzle.  There  is  very  little  difference  in  performance  between 
Configurations  B  and  C.  The  results  of  these  experiments  again  indicate 
that  bringing  any  part  of  the  discharging  element  close  to  the  fuselage 
increases  the  recirculation  current  and,  often,  decreases  the  net  dis¬ 
charge  current. 

The  second  column  in  Figure  8  shows  the  results  of  an  experiment  in 
which  a  pin-filled  metal  bar  was  used  as  the  discharging  element.  Its 
performance  is  similar  to  that  of  the  0.003-inch-diameter  wire.  The 
primary  difference  is  that  the  power-supply  current  was  lower  with  the 
bar  than  with  any  of  the  wires.  This  probably  stems  from  the  fact  that 
the  bar  was  tilted  down  at  the  back,  making  it  roughly  parallel  with 
the  contour  of  the  helicopter  in  this  region  and  maximizing  the  spacing 
between  the  discharger  and  the  helicopter  skin.  The  wire  of  Column  1 , 
on  the  other  hand,  is  tilted  upward.  It  is  probable  that  the  power- 
supply  current  in  Column  2  would  also  have  approached  110  i±A  if  the  wire 
had  been  tilted  downward. 

Results  of  experiments  with  various  combinations  of  ring-shaped 
discharging  elements  are  presented  in  Figure  9.  Column  1  indicates  that 
the  net  discharging  current  is  relatively  independent  of  the  diameter  of 
a  single  ring  used  as  the  discharge  element.  It  should  also  be  noted 
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FIGURE  9  GENERAL  RESULTS  OF  EXPERIMENTS  INVOLVING  RINGS  AS  DISCHARGING 
ELEMENTS  FOR  WIND  SPEED  =  125  ft/s 
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that  this  current  is  almost  identical  with  that  obtained  with  a  single 
point  in  Column  1  of  Figure  7  (positive  polarity). 

Column  2  of  Figure  9  illustrates  the  results  of  experiments  with 
discharging  elements  composed  of  a  discharging  ring  and  an  auxiliary 
ring  of  the  same  diameter.  Again  the  performance  of  the  system  is  evidently 
not  very  sensitive  to  ring  diameter.  The  spacing  between  the  rings 
does  affect  system  performance,  since  the  spacing  determines  the  maximum 
power-supply  voltage  that  can  be  used  without  flashover.  In  the  case 
of  a  2-inch  spacing,  this  is  40  kV.  (40  kV  was  also  used  as  the 
maximum  voltage  in  the  experiments  with  4-inch  spacing.  It  could  have 
been  higher,  but  the  test  matrix  was  set  up  for  40  kV) .  With  6-inch 
spacing  it  was  possible  to  use  90  to  97  kV  without  flashover.  These 
results  indicate  that  spaclngs  as  low  as  2  inches  are  impractical  in 
that  they  do  not  permit  significant  power-supply  current  before  flash- 
over.  Even  a  spacing  of  6  Inches  is  inadequate  to  avoid  flashover  at 
110  kV.  Finally,  it  is  apparent  that  at  the  125-ft/s  exhaust  velocity, 
substantial  recirculation  to  the  ground  ring  occurs,  so  that  the  net 
discharge  current  achieved  is  lower  than  with  a  single  ring  in  Column  1. 

The  results  of  a  series  of  experiments  with  rings  of  unequal  size 
are  summarized  in  Column  3,  Although  there  is  some  variation  in  details 
between  these  data  and  those  of  Column  2,  there  appears  to  be  no  reason 
to  choose  one  over  the  other. 

Column  4  illustrates  the  reduction  in  net  discharge  current  that 
occurs  as  the  discharging  assembly  is  moved  closer  to  the  engine.  This 
is  in  agreement  with  the  results  obtained  with  a  single  discharge  point 
in  Column  1  of  Figure  7. 

The  last  experiment  with  ring-discharger  configurations  is  illus¬ 
trated  in  Column  5.  It  consisted  of  a  pin-filled,  8-inch-diameter  ring 
concentrically  mounted  inside  a  15-inch-diameter  auxiliary  electrode. 
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For  the  wind  speeds  available,  the  recirculation  with  this  arrangement 
is  very  high  and  the  net  discharge  current  is  low. 

In  Figure  10  results  are  presented  of  a  typical  set  of  measurements 
exploring  in  detail  the  way  in  which  discharger  currents  are  related 
to  power-supply  voltage  and  discharger  spacing  aft  of  the  engine  exit 
plane.  For  each  spacing,  the  net  current  increases  nearly  linearly  with 
Increasing  power-supply  voltage,  with  curves  of  higher  slope  corresponding 
to  larger  spacing.  The  net-power-supply-current  curves,  on  the  other 
hand,  are  definitely  concave  upward,  indicating  that  the  current  varies 
as  more  than  the  first  power  of  voltage.  Also,  the  higher  power-supply- 
current  curves  correspond  to  the  lower  discharger  spacings.  The 
behavior  of  the  net-discharge-current  curves  is  so  regular  that  they 
can  be  extrapolated  to  voltages  of  150  kV  and  beyond  with  considerable 
confidence. 

For  a  single-point  discharger,  the  interrelationships  between 
currents,  spacings,  and  "exhaust"  speed  are  shown  in  Figure  11.  It  is 
evident  that  some  net  current  is  discharged  even  at  zero  exhaust  speed, 
but  that  as  speed  is  increased,  the  net  current  increases.  At  low 
values  of  wind  speed,  the  curve  is  concave  upward,  but  as  speed  is 
increased,  the  curve  becomes  very  nearly  linear.  These  net-current 
data,  also,  are  sufficiently  well  behaved  so  that  they  can  be  extrapolated 
to  considerably  higher  speed.  Looking  at  the  power-supply-current  data, 
we  observe  that  the  power-supply  current  increases  with  increasing 
speed,  and  also  tends  to  approach  the  net  discharge  current  as  exhaust 
speed  is  increased.  Thus,  not  only  does  increasing  speed  increase  the 
current  leaving  the  point,  but  it  gets  the  ions  far  away  from  the  vehicle 
before  they  emerge  from  the  flow  field.  In  this  way  recirculation  is 
progressively  cut  down. 

Some  of  these  physical  relationships  are  more  clearly  illustrated 
in  Figure  12,  which  presents  data  obtained  using  a  single  point  at  a 
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FIGURE  10  VARIATION  OF  CURRENT  WITH  POWER-SUPPLY  VOLTAGE  FOR  SINGLE-POINT  DISCHARGER 
FOR  A  WIND  SPEED  OF  125  ft/s 


CURRENT 


SURE  11  VARIATION  OF  CURRENT  WITH  WIND  SPEED  FOR  A  SINGLE-POINT 
DISCHARGER 


I 

i 

fj 


47 


1 


CURRENT 


SINGLE 

POINT 


FIGURE  12  RELATIONSHIPS  AMONG  CURRENTS  AS  POWER-SUPPLY  VOLTAGE 
IS  VARIED 
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single  spacing  and  varying  power-supply  voltage.  Here  the  point  was 

located  80  inches  back  of  the  exit  plane,  making  the  dischargin';  process 

more  efficient,  so  that  some  of  the  interrelationships  are  more  clearly 

evident.  With  a  high-voltage  point  this  far  from  the  nearest  ground 

electrode,  the  current  leaving  the  system  is  not  being  limited  by  ion 

space  charge  near  the  point — i.e.,  more  ions  generated  by  increased 

power-supply  voltage  are  effective  in  increasing  net  discharge  current. 

The  behavior  of  the  recirculated  current,  I  ,  is  also  interesting. 

body 

At  low  power-supply  voltages,  the  electric  field  generated  by  the  supply 
voltage  on  the  discharging  element  and  the  coulomb  force  generated  by 
the  self  charge  on  the  ion  beam  itself  are  both  low,  resulting  in  low 
recirculating  current.  As  power-supply  voltage  is  increased,  it  increases 
the  magnitude  of  both  the  field  generated  by  the  discharging  element, 
and  the  coulomb  forces  generated  by  the  increased  charge  density  in  the 
ion  beam.  The  net  result  is  that  the  recirculation  current  increases 
with  increasing  power-supply  voltage.  The  increasing  recirculation 
current  manifests  itself  as  a  divergence  between  the  net  discharge 
current  and  the  power-supply  current.  For  the  discharger  geometry 
of  Figure  12,  the  system  is  quite  efficient  even  with  a  power-supply 
voltage  of  110  kV  (86%  of  the  power-supply  current  is  discharged),  and 
the  power-supply  voltage  could  probably  be  doubled  without  requiring 
unacceptably  high  power  supply  currents. 

Figure  13  illustrates  the  way  in  which  various  currents  nre 
affected  by  changes  in  exhaust  velocity.  Obviously,  as  velocity  is  in¬ 
creased,  the  net  discharge  current  increases,  first  as  a  lower-than-f irst- 
power  of  velocity  and  then  approaching  a  linear  dependence.  The  re¬ 
circulation  current  I  .  is  maximum  at  zero  velocity  when  the  applied 

body 

field  and  coulomb  field  have  unlimited  time  to  act  on  the  discharged 
ions  to  cause  them  to  be  recirculated.  As  the  exhaust  velocity  is 
increased,  the  ions  are  carried  away  faster  and  the  recirculation 
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current  is  diminished.  The  reduced  recirculation  current  at  high  wind 
speeds  causes  the  power-supply  current  to  approach  the  net  discharge 
current. 

Subsequent  to  performing  these  tests,  a  report  by  Andrews  and 
1* 

Forrest  was  received  that  confirmed  the  findings  discussed  above. 


* 

References  are  listed  at  the  end  of  the  report. 
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III  HELICOPTER  GROUND  TESTS  OF  DISCHARGER  DESIGNS 

When  the  discharging  elements  to  be  used  in  the  CH-47  tests  at 
Boeing  Vertol  in  Philadelphia  were  chosen,  all  the  laboratory  data 
discussed  above  were  borne  in  mind.  It  was  felt  that,  throughout  this 
program,  as  much  as  possible  of  the  "blue  sky"'  experimentation  should  be 
conducted  in  the  laboratory,  where  it  can  be  accomplished  at  minimum 
cost.  Before  the  ground  tests  began,  it  was  felt  that  they  should  be 
designed  to  verify  laboratory  results,  to  expose  interesting  discharging- 
element  designs  to  a  more  nearly  true  in-flight  environment  (involving 
acoustic  noise,  high  temperature,  soot,  etc.),  and  to  look  for  unexpected 
developments.  It  was  felt,  furthermore,  that  the  ground  tests  should 
be  of  clearly  circumscribed  scope,  since  they  are  considerably  more 
expensive  than  the  laboratory  tests,  but  are  not  representative  of  the 
in-flight  situation  in  all  respects.  Accordingly,  it  was  decided  that 
the  discharging  elements  to  be  investigated  would  be  confined  to  a 
single-point  stainless-steel  discharger  and  a  12-inch-diameter  stainless- 
steel  ring  discharger,  each  of  which  would  be  used  alone  or  in  connection 
with  a  12-inch-diameter  auxiliary  discharge  electrode  for  a  total  oJ 
four  different  configurations.  The  single-point  discharging  element 
was  chosen  because  of  its  extreme  simplicity  and  good  performance 
(compare  Column  1,  Figure  7  with  Column  1,  Figure  9).  The  ring-shaped 
discharging  electrode  was  chosen  because  it  too  is  a  simple  and  rugged 
design,  because  physically  it  is  markedly  different  from  a  single  point, 
and  because  the  ring  discharging  element  produced  the  highest  net 
discharge  current  (by  a  small  factor)  in  the  laboratory  tests  (see 
Column  1,  Figure  9).  A  12-inch  ring  diame.ter  was  chosen  because, 
although  the  results  of  Column  1,  Figure  9,  indicate  that  net  current  is 
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not  sensitive  to  ring  size,  it  was  realized  that  the  voltage  (or 
llashover  to  the  skin  does  depend  on  diameter  (proximity  to  skin). 
Accordingly,  a  value  of  12  inches  (roughly  the  mean  between  8  nnd  15 
inches)  was  chosen  for  the  ring  diameter. 

Although  the  discharger  designs  involving  an  auxiliary  electrode 
appeared  to  be  less  satisfactory  than  single  elements  in  the  laboratory 
tests,  it  was  felt  that  it  was  extremely  important  to  test  these 
configurations  in  the  ground  tests  to  determine  the  degree  to  which 
ground-test  and  laboratory  data  agree  on  both  promising  and  unpromising 
designs.  Thus,  experiments  with  auxiliary  electrodes  were  Included  in 
the  CH-47  ground  tests  at  Vertol.  In  considering  the  auxiliary-electrode 
separation  for  the  ground  tests,  it  was  observed  that  the  experiments 
summarized  in  Column  2,  Figure  9 ,  indicated  that  flashover  voltage  and 
net  discharge  current  both  increased  with  increasing  distance  between 
the  electrodes  up  to  the  maximum  spacing  (6  inches)  investigated  in  the 
laboratory,  and  that  this  spacing  did  not  permit  the  application  of 
120  kV  without  flashover.  It  was  decided,  therefore,  that  for  the  ground 
tests  the  spacing  would  be  set  at  9  inches  to  permit  the  application  of 
the  full  available  120-kV  power-supply  potential,  and  to  maximize  the 
net  discharge  current. 


I 


The  set-up  used  for  the  ground  tests  is  shown  in  Figure  14.  A 
sheet  of  mylar  (taped  over  a  plywood  sheet  to  preclude  the  possibility 
of  rocks  of  other  objects  puncturing  the  mylar  sheet)  was  placed  under 
each  of  the  four  helicopter  tires  to  insulate  it  from  ground,  to  permit 
the  net  discharge  current  to  be  measured  by  means  of  a  meter  connected 
between  the  helicopter  frame  and  a  nearby  ground  stake.  (The  resistance 
between  adjacent  ground  stakes  84  feet  apart  was  measured  to  be  60 
ohms,  and  the  resistance  between  the  helicopter  and  ground  was  measured 
to  be  greater  than  60  megohms.)  The  120-kV,  12-mA  power  supply  used  in 
these  experiments  was  powered  from  the  ship's  Auxiliary  Power  Unit  (APU) 
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FIGURE  14  INSTRUMENTATION  CONFIGURATION  FOR  CH-47  GROUND  TESTS 
AT  BOEING  VERTOL 


so  that  there  were  no  external  power  sources  or  other  wiring  com. et ted 
to  the  helicopter  during  the  tests.  The  discharging  element  was  supported 
in  the  jet-engine  exhaust  by  means  of  Teflon  insulating  blocks  attached 
to  an  aero  stand  that  could  be  moved  about  on  the  ground  to  adjust  the 
position  of  the  discharging  element.  Also  included  in  the  instrumentation 
system  was  a  set  of  five  strategically  located  metal  patches  insulated 
from  the  skin,  and  positioned  in  the  vicinity  of  the  discharger  to 
permit  the  measurement  of  current  recirculLted  to  the  skin  at  the 
location  of  the  patch.  A  photograph  showing  the  general  arrangement  of 
the  ground  tests  is  shown  in  Figure  15. 


Since  the  ground  tests  provided  an  opportunity  to  check  the 
validity  of  the  laboratory  simulation  facility,  certain  of  the  data 
obtained  in  the  two  tests  are  plotted  for  comparison  in  Figures  16  and 
17.  The  results  obtained  with  a  single-point  discharger  are  shown  in  Figure 
16.  The  general  trends  are  in  good  agreement,  but  the  net  discharge 
currents  measured  in  the  ground  tests  are  appreciably  lower  than  those 
measured  in  the  laboratory,  in  spite  of  the  fact  that  the  exhaust 
velocity  in  the  ground  tests  was  twice  as  high.  The  low  net  current 
during  the  ground  tests  undoubtedly  stems  from  the  high  temperature  of 
the  jet-engine  exhaust  gases,  which  reached  350  to  400°C,  as  compared 
to  20°C  in  the  laboratory  tests.  At  the  elevated  temperatures  of  the 
exhaust  in  the  ground- tests  the  ion  mobility  is  roughly  twice  that  in  the 
laboratory  set-up,  so  that,  for  a  given  wind  speed,  recirculation  in  the 
ground  tests  will  be  much  higher  than  in  the  laboratory. 

The  results  obtained  with  a  dual-ring  discharger  are  shown  in 
Figure  17.  Again  the  trends  of  the  laboratory  and  ground-test  data 
are  in  good  agreement.  In  this  case  too,  the  net  discharge  current 
obtained  during  the  ground  tests  is  appreciably  lower  than  that  measured 
in  the  laboratory  mock-up. 

Results  of  the  recirculation-current  studies  and  discharge 
"efficiency"  studies  are  sho»u  in  Figure  18.  It  is  evident  that,  regard¬ 
less  of  the  discharging-element  configuration,  the  current  recirculating 
to  the  skin  is  maximum  in  the  vicinity  of  the  discharger.  Thus  the 
current  to  Patch  #1  decreases  monotonically  as  the  discharger  is  moved 
aft,  because  this  places  the  discharger  successively  farther  downstream 
of  '\e  patch.  In  the  case  of  Patch  #2,  however,  moving  the  discharger 
aft  to  a  location  two  exhaust  diameters  downstream  of  the  engine  exit 
plane  places  the  discharger  in  the  immediate  vicinity  of  Patch  *2. 

Thus  as  the  discharger  is  moved  successively  back,  Patch  #2  current 
first  increases  and  then  monotonically  decreases. 
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The  efficiency  oi  the  various  discharger  configurations  at  different 
locations  is  also  of  interest.  Here,  efficiency  'i  is  defined  by 


>i  =  100 


I 

net 

I 

PS 


(  I  ) 


where  I  =  I  „  -  I 

net  PS  recirculation 

Consideration  of  the  currents  measured  wilf  reveal  that  I  is 

net 

a  measure  of  the  combined  effectiveness  of  the  discharger  design  and  its 

location  on  the  helicopter,  while  1  is  a  measure  oi  the 

recirculation 

effectiveness  of  the  discharger  location  and  the  effects  of  airflow  and 

exhaust  temperature  (i.e.,  ion  mobility).  It  is  clear,  then,  that  the 

optimum  discharger  design  and  location  will  be  the  one  giving  the  lov.es  t 

I  .  and  highest  I  /l  .  In  the  case  of  the  simple 

recirculation  net  PS 

discharging  elements,  all  of  the  recirculation  is  to  the  helicopter  skin, 
so  that  efficiency  is  markedly  improved  by  moving  the  discharging  elemen 
aft  from  the  engine  exhaust  plane,  thereby  getting  it  away  from  die 
fuselage  structure.  Although  there  is  considerably  less  current 
recirculated  to  the  skin  from  the  compound  discharging  elements  located 
at  d  -  ID,  there  is  considerable  current  flowing  to  the  auxiliary 
grounded  ring.  Thus  the  efficiency  of  these  configurations  is  only  a 
few  percent,  as  shown  in  Figure  18.  This  situation  would,  of  course,  be 
markedly  improved  if  the  exhaust  velocity  were  higher  and  its  temperature 
lower,  lor  the  reasons  discussed  earlier. 

In  general,  the  results  ol  the  ground  tests  confirmed  the  laboratory 
1  Hidings.  Simple  discharging  elements  (a  single  point  or  a  single  ring) 
were  the  best  choices  since  they  discharged  most  current  for  a  given 
supply  voltage.  Also,  their  efficiency  was  highest.  It  also  was 
demonstrated  that  the  basic  discharging-element  designs  were  suitable 
for  use  in  flight  in  that  they  operated  satisfactorily  in  the  engine- 
exhaust  environment  (acoustic  noise,  high  temperature,  soot,  etc.). 
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At  the  conclusion  of  the  ground  tests,  a  review  of  the  data 
available  indicated  that  both  the  laboratory  and  the  ground-test  data 
were  in  good  agreement,  and  that  substantial  increases  in  net  discharge 
current  accrued  from  increasing  discharger  spacing  behind  the  engine 
exit  plane,  at  least  up  to  the  maximum  distance  d  =  3D  investigated 
(see  Figures  16  and  17).  It  was  decided  that  the  laboratory  investigation 
should  be  extended  to  greater  spacings  to  determine  when  the  current 
ceases  to  increase.  The  results  of  this  work  are  shown  in  Figure  18. 

It  is  evident  that  considerable  improvement  was  achieved  for  each  con¬ 
figuration  tested,  by  increasing  the  spacing  up  to  d  =  5D.  The 
discharger-efficiency  curves  also  plotted  in  Figure  20  indicate  that 
the  increased  discharger  current  is  achieved  largely  by  virtue  of 
increased  efficiency  (i.e.,  reduced  recirculation  to  the  skin).  Beyond 
a  spacing  of  5D,  the  improvement  achieved  by  decreased  recirculation 
resulting  from  increased  distance  to  the  skin  is  counterbalanced  by 
degraded  performance  stemming  from  increased  difficulty  in  getting  dis¬ 
charge  products  removed  as  the  result  of  immersing  the  discharging 
element  in  a  region  of  low-speed,  diffuse,  and  considerably  turbulent 
flow. 


In  an  attempt  to  optimize  discharger  performance,  two  additional 
experiments  were  performed  in  the  laboratory.  These  experiments  consisted 
of  adding  a  high-velocity  nitrogen  blast,  coaxial  with  the  mock-up  exhaust, 
to  blow  over  a  single  corona  point  at  different  exhaust  diameters  aft 
of  the  exhaust  nozzle.  The  experiments  were  conducted  using  auxiliary 
ground  rings  as  well  as  one  in  which  no  ground  ring  was  used.  In  the 
first  experiment  a  small  subsonic  orifice  was  used  to  control  the  nitrogen 
mass  flow  rate.  Although  dm/dt  was  not  measured,  it  is  felt  that  it 
was  about  1  gram/s,  and  the  exit  velocity  was  about  100  m/s.  The  results 
of  this  test  indicated  that  when  the  ground  ring  was  used,  the  net 
current  dissipated  was  limited  to  approximately  10  uA  because  of  the 
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FIGURE  19  LABORATORY  INVESTIGATION  OF  EXTENDED  DISCHARGER  SPACING 

high-velocity  convection  that  carried  the  discharge  products  into  the 
grounded  ring.  In  the  tests  performed  without  an  auxiliary  ground  ring, 
using  the  subsonic  orifice,  the  results  were  similar  to  those  shown  in 
Column  1  of  Figure  7  for  d  =  66  inches,  and  the  discharger  efficiency 
obtained  by  using  the  high-velocity  air  blast  was  not  increased  over 
that  obtained  using  the  single-point  discharger  alone.  In  the  second 
laboratory  experiment,  a  large  supersonic  nozzle  was  designed  and 
connected  directly  to  the  valve  of  a  high-pressure  nitrogen  bottle 
(2100  psi,  initially),  and  installed  in  such  a  way  as  to  place  the  exiting 
high-velocity  gas  flow  coaxial  with  the  mock-up-engine  exhaust  flow.  The 
nozzle  had  a  0.55-inch-diameter  throat  and  a  1.0-inch-diameter  exit 
aperture,  and  is  illustrated  in  Figure  20.  Although  the  exit  velocity 
of  the  nitrogen  from  the  nozzle  aperture  could  not  be  accurately  computed 
because  of  a  mismatch  in  the  reservoir,  assumptions  about  the  character 
of  the  mismatch  led  to  reasonable  velocity  estimates  of  between  650  m/s 
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FIGURE  20 


SUPERSONIC-NOZZLE  CONFIGURATION  USED  DURING  LABORATORY  TESTS 
TO  INVESTIGATE  THE  UTILITY  OF  AUXILIARY  AIR  FLOWS 
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anil  750  m  s  (i.c.  ,  Mach  -).  This  h  igh- veloc  i  t  >  gas  ilov.  was  accompanied 

3 

b\  mass  ilow  rates  ol  ahout  0.11  kg  s  ,  which  depleted  lilt  230-it  nitrogen 
bottle  in  about  15  seconds. 

The  dissipation  tests  were  conducted  as  described  earlier,  with 
the  nitrogen  bottle  turned  oii,  and  then  with  it  lull}  turned  on.  The 
single-point  discharger  was  used,  and  it  was  placed  6  inches  downstream 
trom  the  supersonic-nozzle  exit  aperture. 

The  results  oi  this  test  indicated  that  only  a  1 0r'  improvement  in 
the  net  current  was  obtained  when  the  nitrogen  was  turned  on,  at  the 
expense  ol  large  quantities  ol  nitrogen. 

The  lack  oi  performance  oi  these  high-velocity  air  llows  in  aiding 

the  discharge  process  is  attributed  to  the  iact  that  the  jets  oi  nitrogen 

become  turbulent  shortly  a' ter  leaving  the  nozzle  and  quickly  slow  and 

mix  with  the  surrounding  air  and  thus  allow  recirculation  to  the  iuselagc. 

This  was  particularly  apparent  when  the  supersonic  nozzle  was  tested; 

three  ieet  downstream  lrom  the  nozzle  t he  llow  was  only  about  60  it  s, 

2 

and  gas-dynamic  data  indicate  that  the  ilow  from  this  nozzle  design 
becomes  subsonic  1  inches  downstream  ol  the  exit  aperture. 

The  above  experiments  indicate  that  techniques  using  small-diameter, 
high-velocity  auxiliary  air  flows  to  aid  dissipation  are  not  practical 
because  of  the  enormous  mass  ilow  rates  that  would  be  required  to 
significantly  improve  the  net  current. 
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IV  FLIGHT  TESTS 


As  discussed  earlier,  since  the  difficult  geometry  of  a  helicopter 
together  with  its  complicated  air  flows  prevent  accurate  evaluations  of 
discharger  designs  to  be  made  in  the  laboratory,  the  final  analysis  of 
the  problems  of  discharging  and  sensing  had  to  be  made  during  actual 
helicopter  hover  operations.  These  tests  were  carried  out  during  the 
months  cf  May  and  June,  1972,  at  the  Yuma  Proving  Grounds  (YPG),  Yuma, 
Arizona.  Since  the  objectives  of  this  program  were  to  determine  the 
feasibility  of  sensing  and  discharging  a  large  helicopter,  a  Boeing 
CH-47  (s/n  169102)  with  a  gross  weight  of  about  30,000  lb  (approximately 
1/1  of  the  HLH  gross  weight)  was  chosen  as  the  test  vehicle. 

The  helicopter  was  instrumented  with  a  Universal  Voltronics 
BAL200-5.5-S  power  supply  rated  at  1.1  kVA  (200,000  V  at  5.5  mA)  to 
provide  ions  during  the  sensor-fidelity  phase  of  the  tests,  and  to 
evaluate  active  dischargers  during  the  dissipator  tests.  In  addition 
to  the  power  supply,  the  helicopter  was  instrumented  with  four  field 
meters  mounted  in  various  places  to  measure  electric  fields,  and  a  radar 
altimeter  to  obtain  precise  hover-altitude  information.  The  helicopter 
was  modified  to  allow  various  discharger  designs  to  be  installed  in  one 
or  both  turbine  exhausts  at  different  distances  aft  of  the  exhaust- nozzle 
exit  plane.  Recirculation  "patches'1  were  added  in  various  places  on 
the  fuselage  to  allow  measurements  of  the  currents  circulating  from  the 
discharger  to  the  fuselage  to  be  made.  All  the  various  measurements 
made  were  recorded  on  a  CEC  5-119  oscillograph  mounted  in  the  helicopter, 
and  were  also  presented  to  the  aircraft  test  operator  on  a  rack  of 
panel  meters  mounted  in  the  helicopter  cargo  bay.  The  instrumentation 
described  above  is  shown  in  Figures  21,  22,  and  23. 
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FIGURE  21  PHOTOGRAPH  SHOWING  AIRBORNE  INSTRUMENTATION  (instrument  rack 
inside  aircraft) 
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FIGURE  2  2  PHOTOGRAPH  SHOWING  AIRBORNE  INSTRUMENTATION  (front  view  of  helicopter 
showing  radar-altimeter  antennas  and  #2  field-meter  installation) 


FI3URE  23  PHOTOGRAPH  SHOWING  AIRBORNE  INSTRUMENTATION  (side  view  of  helicopter 
showing  field  meters  #3  and  #4  and  recirculation  patches) 
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Iii  addition  to  the  airborne  electronics,  a  ground  array  o I  field 
meters,  immediately  beneath  the  hovering  helicopter,  was  installed  to 
observe  the  electric  fields  near  t lie  ground  in  the  vicinity  of  the 
helicopter.  These  data  were  also  recorded  on  a  second  CEC  5-119 
osc i 1 lograph. 

In  order  that  a  complete  and  accurate  picture  of  the  helicopter 
sensing  and  discharging  problem  could  be  drawn  and  explored,  it  was 
necessary  to  operate  the  helicopter  in  "clean'1  and  "dirty"  environments. 
The  "clean"  environment  tests  were  performed  on  the  C-130  tie-down  pad 
at  the  Laguna  AAF  at  YPG,  and  they  allowed  an  investigation  of  sensing 
and  discharging  free  of  contamination  from  dust,  in  order  to  determine 
the  ultimate  capabilities  of  a  sensing/discharging  system.  The  "dirty" 
environment  tests  were  conducted  in  the  Phillips  Drop  Zone,  a  large 
expanse  of  plowed  sand,  at  YPG.  These  tests  simulated  what  might  be 
an  actual  operating  environment,  and  allowed  the  sensing/discharging 
problem  to  be  fully  investigated. 

3 

A  Flight  Test  Plan  was  prepared  to  serve  as  a  guide  in  order  that 
the  tests  could  be  conducted  with  a  minimum  of  duplication  and  confusion. 
The  test  plan  outlined  the  proposed  schedule  of  flight  operations  and 
delineated  the  various  discharger  and  field-meter  configurations  to  be 
used.  Shortly  alter  the  flight  tests  began  it  became  apparent  that, 
because  of  limitations  on  helicopter  availability,  not  all  the  tests 
in  the  test  plan  could  be  accomplished  as  described  in  the  plan.  Since 
so  many  ol  the  tests  were  essential  to  the  successful  completion  of  the 
investigation,  it  was  decided  that  as  many  tests  as  possible  would  be 
combined  in  each  flight.  For  example,  the  sensor-fidelity  tests  were 
combined  with  various  discharger  tests.  In  all  but  one  of  the  tests, 
the  ground  array  of  field  meters  was  used  to  measure  the  ambient  electric 
lield,  as  well  as  the  electric  fields  beneath  the  hovering  helicopter. 
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This  arrangement,  although  severely  complicating  each  flight  mission, 
allowed  most  of  the  tests  described  in  the  Flight  Test  Plan  to  be 
completed  and  also  allowed  several  additional  tests  to  be  made.  These 
additional  tests  were  done,  at  the  expense  of  the  less  important  tests 
described  in  the  flight-test  plan,  so  that  questions  arising  during  the 
course  of  testing  might  be  answered.  These  additional  tests  are  described 
below. 

A.  Instrumentation  Calibration 

Pre-  and  post-mission  calibrations  were  performed  on  both  the 
airborne  and  ground  instrumentation.  The  power-supply  voltage  and  current, 
the  recirculation  current  patches,  and  the  ground-current  meters  were 
calibrated  using  constant-voltage  and  constant-current  sources. 

The  field  meters  were  calibrated  with  a  set  of  parallel  plates 
separated  by  a  distance,  d.  The  parallel  plate  structure  Incorporated 
a  hole  in  one  of  the  plates  to  permit  it  to  pass  the  field  meter 
sensor  vanes  to  simulate  a  flush-mounted  field  ir  ter  installation.  A 
known  voltage,  V,  was  then  applied  and  varied  between  these  plates.  The 
electric  field  intensity  in  the  calibrating  structure  is  given  by 


As  is  discussed  in  more  detail  in  Appendix  A,  the  non-flush  field 

sensor  installation  together  with  the  calibration  procedure  followed 

resulted  in  a  field  meter  output  which  Indicated  the  magnitude  of  the  field, 

E„  ,  at  the  field  meter  face.  If  one  is  interested  in  the  field, 
face 

E  ,  J  ,  that  would  exist  on  the  aircraft  skin  at  the  same  location  in  the 
skin 

absence  of  the  field  meter  (or  the  field  that  would  be  measured  by  a 
flush-mounted  field  meter  at  this  location),  the  following  relation  should 
be  used 
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Throughout  this  report,  all  field  meter  data  are  presented  in  terms  ol 

E ,  • 

face 

Since  the  field  meters  were  to  be  operated  in  a  region  of  heavy 

dust,  and  since  these  dust  particles  might  be  charged  and  collide  with 

the  sensor,  it  was  important  to  use  a  field-meter  design  that  minimizes 

error  due  to  the  dust  current.  The  field  meters  used  for  the  tests 

employed  a  synchronous  detector,  and  used  the  field  chopping  vanes  to 

generate  the  reference  signal.  With  this  scheme  the  "field"  signal  and 

the  "dust  current"  signal  are  90'  out  of  phase  with  one  another,  and 

the  detector  discriminates  against  any  "dust  current"  signal.  For  a 

description  of  the  principle  of  operation  of  such  an  electric  field 

4 

meter  the  reader  is  referred  to  an  earlier  SRI  report. 


B.  Ground-Conductivity  Measurements 
5 

Previous  work  indicated  extremely  large  values  of  resistance 
9 

(about  2.5  x  10  ohms)  between  measured  points  during  tests  at  the  Yuma 
Proving  Grounds.  Since  a  "good"  ground  was  essential  to  the  accurate 
measurements  of  ground  current  (from  natural  or  artificial  charging)  and 
of  fields  about  the  helicopter  (the  helicopter  in  most  cases  was  to  be 
grounded),  a  good  deal  of  time  was  spent  in  measuring  vaiious  ground 
resistances  around  YPG. 

Two  basic  techniques  were  used  to  measure  the  resistance  of  the 
soil:  "megger"  tests  when  the  resistance  was  high,  and  an  ohmmeter  when 

the  resistance  was  low  enough.  Surprisingly,  it  was  possible  to  use 
the  ohmmeter  in  many  of  the  tests  because  the  soil  resistivity  was  not 
as  high  as  expected.  On  May  30,  1972,  after  159  days  of  drought  in  Yuma, 
the  resistance  between  two  ground  stakes  27  ft  apart,  3  ft  deep  in  the 
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concrete  C-130  tic-down  pud,  wus  measured  to  be  10  k  fl ,  and  two  stakes, 

3  ft  deep  and  270  ft  apart  measured  11  k  ft.  The  measurement  was  repeated 
over  a  period  of  two  weeks  with  consistent  results.  On  June  6,  1972,  a 
thunderstorm  brought  rain  to  YPG .  The  "dusty "-envi ronment  hover  tests 
were  conducted  after  this  rain,  at  the  Phillips  Drop  Zone.  One  week 
after  the  rain,  on  June  13,  and  again  on  June  19  the  ground  resistance 
at  Phillips  was  measured  between  two  stakes,  30  ft  apart,  driven  2  ft 
deep.  This  resistance  was  determined  to  be  700  ohms  on  the  13th,  and 
1000  ohms  on  the  19th.  On  the  29th  of  June  a  surface-resistivity 
measurement  was  made  by  inserting  the  ohmmeter  probes,  about  24  inches 
apart,  2  inches  into  the  soil.  The  resistance  measured  here  was  about 
700  kfl;  when  the  probes  were  inserted  2  inches  deep  and  210  ft  apart 
the  resistance  was  measured  to  be  5  Mu. 

On  June  9  surl'ace-resistivity  measurements  were  made  in  the  vicinity 
of  the  hangar  at  Laguna  AAF.  The  high-voltage  power  supply  was  used 
as  the  "megger";  one  side  of  the  supply  was  grounded  through  the  grounding 
stake  in  the  aircraft  tie-down  and  the  other  side  of  the  supply  was 
connected  to  a  2-inch  by-3-ft  metal  bar  via  a  long  piece  of  RG-58'U 
center  conductor.  The  metal  bar  was  dragged  over  various  surfaces  and 
the  resistance  determined.  These  data  are  shown  in  Table  1. 

Table  1 

SURFACE  RESISTANCE  AS  DETERMINED 

BY  MEGGER  METHOD  (V  =4  kV) 

PS 


Surface 

Resistance 

Dirt  and  gravel 

2  -  8  Mfl 

Concrete 

3  -  8  MQ 

Macadam 

i  10  Mfl 
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It  Is  seen  Iron:  the  above  data  that  the  measured  ground  resistance 
was  relatively  low.  11  one  assumes  a  charging  current  ol  about  100  /ul\ 
to  the  helicopter  (lrom  natural  or  artificial  causes),  these  low 
resistances  would  lead  to  actual  helicopter  potentials  oi  1  V  or  less  il 
the  helicopter  was  staked  to  ground,  and  a  potential  oi  about  200  V  il 
the  "ground''  was  only  a  conductor  dropped  to  the  surface. 

It  was  determined  from  these  measurements  that  the  ground  currents 
and  fields  measured  during  the  hover  tests  would  be  accurate  and  uncon¬ 
taminated  by  a  poor  ground. 

C .  Flight  Tests  of  Discharging  E lemon t s 

For  the  Yuma  flight-test  investigation  ol  discharging  elements,  the 
basic  instrumentation  was  essentially  the  same  as  that  shown  in  Figure 
14  for  the  Vertol  ground  tests,  except  that  the  wire  to  the  ground  stake 
was  made  longer  to  permit  the  measurements  to  be  made  with  the  aircraft 
in  flight,  and  is  illustrated  in  Figure  24.  Tests  were  made  of  three 
basic  discharging  elements:  a  single  point  or  ring  located  in  one 
(and  in  some  cases  both)  ol  the  engine  exhausts  (these  two  configurations 
displayed  the  greatest  promise  in  the  ground  tests  oi  Figure  18),  and  an 
"outrigger"  discharger  shown  in  Figure  25.  The  outrigger  discharger 
system  consisted  of  a  lour-  ft- long  ,  1  -  i  neh-diaineter  aluminum  tube 
mounted  amidship  on  cacti  side  ol  the  helicopter  6  It  outboard  from  the 
skin.  A  sharpened  wire  was  installed  at  each  end  of  each  bar  to  provide 
lour  widely-spaced,  low- threshold  corona  points.  Structural  considerations 
required  that  3  It  of  the  6- f  t  outrigger  supports  be  made  of  aluminum 
which  somewhat  reduced  the  electrical-breakdown  strength  of  the  outrigger 
sys  tern. 

In  view  of  the  results  of  the  laboratory  tests  °hown  in  Figure  19, 
provisions  were  made  on  the  flight-test  aircraft  to  position  the  dis- 
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charging  element  up  to  live  engine- exhaust  diameters  aft  of  the  engine 
exit  pi  a  nc.  The  structure  for  accomplishing  this  is  visible  in  Figure 
25  t  and  another  discharger  arrangement  is  shown  in  Figure  26. 

In  describing  the  various  charging  and  discharging  phenomena  it  is 
of  considerable  importance  to  agree  on  a  convention  when  discussing  the 
signs  of  various  charged  particles.  The  sign  convention  used  in  this 
report  for  currents  and  fields  is  shown  in  Figure  27. 

In  reviewing  the  results  of  the  flight  tests,  it  is  interesting  to 
determine  the  degree  to  which  they  agree  with  the  laboratory  and  ground 
tests.  In  Figure  28,  the  net  discharge  current  for  a  single-point 
discharger  is  plotted  for  comparison  with  the  current  discharged  from 
a  single  ring  at  the  same  location  (d  =  5D)  in  the  helicopter  engine 
exhaust.  The  two  sets  of  data  obviously  lie  along  the  lines  of  best  fit. 
This  result  substantiates  the  laboratory  and  ground-test  data,  which 
indicated  that  a  single  point  and  a  single  ring  constitute  equally 
satisfactory  discharging  elements.  Shown  for  comparison  in  Figure  28 
is  a  laboratory  experimental  curve  of  discharge  current  measured  at  1.hr 
same  spacing  behind  the  engine  exit  plane,  and  with  a  wind  velocity  of 
100  ft/s.  The  laboratory  data  predict  a  somewhat  higher  discharge 
current  than  was  measured  in  flight.  As  was  indicated  in  the  discussim 
of  the  ground  tests  in  Section  III,  this  disparity  probably  stems  from 
the  difference  in  temperature  between  the  laboratory  "engine"  exhaust 
and  that  of  the  actual  aircraft  engine.  The  higher  temperature  of  the 
real  engine  exhaust  implies  higher  ion  mobility,  permitting  larger 
recirculation,  which  results  in  lower  net  discharge  current. 

With  the  effectively  low  directed  wind  velocities  associated  with 
the  CH-47  turbine  exhaust,  it  is  necessary  to  move  the  discharging  element 
far  from  the  fuselage  to  reduce  current  recirculation  to  a  tolerable 
level.  This  means  that  high  power-supply  voltages  must  be  used  to 


76 


1 


FIGURE  26  PHOTOGRAPHS  OF  SINGLE-POINT  DISCHARGER  MOUNTED 
THREE  EXHAUST  DIAMETERS  BEHIND  THE  LEFT  TURBINE 
EXHAUST  (top)  AND  IN  BOTH  EXHAUSTS  (bottom) 
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FIGURE  27  SIGN  CONVENTIONS  TOR  CURRENTS  AND  FIELDS 
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generate  the  corona-discharge  current  required.  Thus  the  engine-exhaust 

discharger  may  be  considered  to  be  a  high-impedance  system.  (From  Figure 

27,  tor  V  =  200  kV,  i  =  100  ^.A ;  therefore  R  -  2000  MO .  In  the  case  of 

6 

t  tie  active  discharger  developed  lor  |i!  aircraft,  the  high  wind  speed 
and  low  air  temperature  permitted  the  discharging  element  to  be  placed 
in  close  proximity  to  the  airtrame  wi'hout  any  recirculation.  There  it 
was  possible  to  achieve  discharge  currents  oi  1  mA  for  power-supply 
potentials  ol  60  kV,  so  that  R  =  60  M  .  ,  a  much  lower  impedance. 

In  a  further  el  fort  to  verify  and  extend  the  laboratory  work 
during  the  flight  tests,  an  investigation  was  made  of  the  effect  on  dis¬ 
charge  currents  ol  varying  the  jjosition  of  the  discharging  element  in 
the  exhaust  plume.  The  results  ol  such  a  flight-test  experiment  are 
shown  in  Figure  29.  Here,  in  agreement  with  the  laboratory  results,  we 
see  that  increased  net  discharge  current  can  be  achieved  by  increasing 
the  spacing  from  2-3/111  to  5D.  In  addition,  it  was  lound  that,  with 
the  ring  at  d  =  2-3/ID,  it  is  sufficiently  close  to  the  fuselage  that 
Uashover  occurred  from  the  ring  to  the  fuselage  at  voltages  in  excess 
of  120  to  160  kV,  depending  on  the  power-supply  polarity.  Increasing 
the  spacing  to  d  =  5D  increased  the  net  discharge  current  at  the  lower 
voltages  and,  at  the  same  time,  permitted  the  full  power-supply  voltage 
of  220  kV  to  be  applied  to  the  discharger. 

Figure  30  illustrates  the  results  of  an  investigation  of  the  degree 
to  which  dischargers  located  in  one  engine  interact  with  and  limit  the 
current  that  can  be  discharged  from  an  identical  system  in  the  other 
engine.  The  results  of  this  experiment  indicates  that,  on  the  CH-47, 
the  engines  are  sufficiently  far  apart  that,  at  the  lower  power-supply 
voltages,  discharging  in  both  exhausts  doubles  the  discharge  current. 

At  the  higher  discharge-current  levels  there  is  some  interaction,  and 
the  current  discharged  from  two  engines  is  not  quite  twice  the  current 
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dischn  6ed  from  a  single  engine. 

As  part  of  the  flight-test  program,  investigations  were  made  of 
the  effects  of  hover  altitude  on  discharge  current.  Results  of  such 
investigations  using  a  single-ring  discharger  located  at  d  =  5D  in  the 
engine  exhaust  are  shown  in  Figure  ? 1.  The  data  for  100-ft  and  50-ft 
hover  altitudes  are  very  similar,  and  are  characterized  by  a  single  line 
of  best  fit  in  the  figure.  The  25-ft  hover  data  indicate  a  substantially 
higher  current  for  the  same  applied  voltage.  This  result  probably  stems 
from  the  fact  that  at  25  ft  altitude  the  discharged  ions  are  less  effec¬ 
tive  in  screening  the  discharge  point  and  thereby  Uniting  the  net 
current  as  follows.  From  the  25-ft  altitude,  the  ions  more  rapidly 
reach  the  earth's  surface,  where  they  are  recombined.  Also  their  image 
charges  in  the  earth  screen  them  more  effectively  from  the  discharger 
at  25  ft  altitude  than  they  do  at  50  or  100  ft  altitude. 

The  results  of  tests  with  the  outrigger  discharger  system  in  a 
clean  environment  are  shown  in  Figure  32.  Comparing  Figure  32  with 
Figure  29  or  31,  we  find  that,  at  a  given  power-supply  voltage,  the 
outrigger  system  discharged  roughly  twice  the  current  discharged  by  the 
single  ring  at  d  =  5D. 

For  some  of  the  tests,  the  discharging  system  was  arranged  in  the 
"maximum  dissipation"'  configuration,  in  which  the  outrigger  system  and 
the  ring  located  at  d  =  5D  in  the  engine  exhaust  were  both  connected 
to  the  power  supply.  The  results  of  such  tests  are  shown  in  Figure  33. 
Comparing  these  data  with  those  of  Figures  32  and  31  we  find  that  the 
"maximum  dissipation"  current  is  very  nearly  equal  to  the  sum  of  the 
current  discharged  by  the  outriggers  alond  and  the  ring  alone.  Referring 
again  to  Figure  33,  we  observe  that  there  is  considerable  difference 
between  the  data  at  each  of  the  hover  altitudes.  It  is  not  clear  why 
this  should  be  so,  since  the  effect  is  not  so  pronounced  for  either  of 
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the  dischargers  used  singly.  I t  is  felt  that,  perhaps  when  larger 
absolute  values  of  current  are  discharged,  the  problem  of  space-charge- 
current  limitation  by  the  ion  cloud  assumes  increased  importance.  In 
this  case  any  process  that  gets  rid  of  the  space  charge  or  minimizes 
its  elfects  assumes  added  importance. 

Dissipation  testing  was  also  carried  out  in  a  dusty  environment 
generated  by  hovering  over  freshly  disked  sand,  as  shown  in  Figure  34. 
Results  of  such  tests  using  the  outrigger  system  are  shown  in  Figure  35. 

The  ground  current  flowing  when  the  power-supply  voltage  is  set  to  zero 
represents  the  frictional  charging  current  to  the  helicopter.  (This 
is  the  current  we  would  like  to  be  able  to  dissipate  with  the  active 
discharge  system.)  By  adjusting  the  power-supply  voltage,  it  is  possible 
to  increase  the  ground  current,  set  it  to  zero,  or  even  to  reverse  its 
polarity.  The  dusty-area  hover  data  are  equivalent  to  the  clean- 
environment  data  displaced  appropriately  to  account  for  the  frictional 
charging  current. 

Similar  tests  in  the  dusty  environment  were  cairied  out  with  the  ring 

discharger  in  the  left  turbine  exhaust,  five  nozzle  diameters  aft  of 

the  exit  plane.  The  results  of  these  tests  are  shown  in  Figure  36.  For 

positive  power-supply  polarity,  the  data  are  equivalent  to  the  clean- 

cnvironment  data  (displaced  appropriately  to  account  for  the  frictional- 

i barging  current).  For  negative  power-supply  polarity,  on  the  other 

hand,  the  hover  ground  currents  under  dusty  conditions  are  less  sensitive 

to  power-supply-voltage  changes  than  under  clean  conditions.  The  reason 

lor  the  decreased  sensitivity  is  not  clear.  (Actually,  it  is  possible 

that  the  data  ol  Figure  36  are  distorted  by  the  nonconstancy  of  the 

Irictional  charging.  If  charging  current  changes  during  the  course  of 

a  data  run,  it  can  make  the  I  -vs.-V  curves  appear  to  be  steeper  or 

G  Pb 

shallower  than  they  actually  would  be  under  constant  conditions.) 
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FIGURE  36  FLIGHT-TEST  INVESTIGATION  OF  CURRENT  DISSIPATION  USING  TURBINE  DISCHARGER 
AS  AFFECTED  BY  HELICOPTER  HOVER  ALTITUDE  (dust  environment! 


The  degree  to  which  the  SRI  flight-test  data  and  ground-test  data 

7 

compare  with  previous  experiments  by  others  is  shown  in  Figure  37.  It 


FIGURE  37  COMPARISON  OF  SRI  FLIGHT  AND  GROUND  DISCHARGER  TESTS 
WITH  PREVIOUS  FLIGHT-TEST  DATA 


is  seen  from  this  figure  that  there  is  excellent  agreement  at  low 
dissipator  voltages,  but  at  about  50  kV  the  curves  begin  to  diverge. 

The  discharger  data  discussed  above  indicate  that  dissipation  of 
600  ;jA  net  current  into  the  Boeing  301  HUi  turbine  exhaust  appears 
feasible.  The  HLH  will  have  three  turbine  exhausts;  each  exhaust  is 
approximately  twice  the  diameter  of  the  CH-47  exhaust,  and  the  exhausts 
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do  not  pass  along  the  fuselage  skin,  which  will  minimize  recirculation. 
Therefore,  locating  dischargers  in  each  of  the  three  exhausts,  five 
exhaust  diameters  behind  the  nozzle  (from  either  the  ring  or  single 
point)  should  provide  the  desired  600  p,A. 

Although  the  outrigger  discharger  discussed  earlier  produced  a 
higher  net  discharge  current  than  either  the  ring  or  single  point  in 
the  exhaust,  it  is  felt  that  this  technique  would  not  be  suitable  on 
the  HUI  since  the  required  physical  size  of  such  an  installation  to 
obtain  600  jxA  (net)  would  be  impractical. 

D.  Sensor-Fidelity  Flight  Tests 

One  of  the  most  difficult  problems  associated  with  the  development 
of  a  satisfactory  active  discharging  system  is  that  of  devising  a 
sensing  scheme  capable  of  providing  an  Indication  of  the  helicopter- to- 
ground  potential  under  all  operational  conditions.  Typical  environments 
include  dust,  dry  snow,  electrified  rain,  and  the  ion  cloud  generated 
by  discharge  from  the  dissipator  element.  Ideally,  the  sensing  element 
should  function  without  any  connection  to  the  greund.  A  field  meter 
or  "field  mill"  immediately  suggests  itself  as  the  sensing  device. 

In  considering  the  workability  of  a  simple  field-meter  sensing 
scheme,  it  is  argued  that  if  a  charged  body  is  suspended  in  charge-free, 
field-free  space,  there  is  a  unique  relationship  between  the  electric- 
field  intensity  at  a  particular  point  on  the  body,  and  the  potential  nl 
that  body.  In  particular,  the  fields  are  zero  when  the  potential  is 
zero.  In  this  case,  a  field  meter  is  an  ideal  device  for  measuring  the 
potential  of  the  body.  At  the  other  extreme,  if  we  allow  any  arbitrary 
distribution  of  charges  and  applied  fields  around  the  body  in  question, 
there  is  no  unique  relationship  between  electric-field  structure  about 
the  body,  and  its  potential  to  ground.  Thus,  no  measurement  we  can 
make  on  the  body  can  tell  us  its  potential. 
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In  planning  thla  program,  It  waa  felt  that  the  actual  operational 
situation  would  lie  somewhere  between  the  two  extremes  discussed  above. 

It  was  observed,  further,  that  it  would  be  fruitless  to  try  to  settle  the 
question  of  sensing  either  by  purely  analytic  methods  or  by  laboratory 
experiments  since  the  problem  involves  the  Interaction  among  poorly 
understood  frictional-charging  proceases,  ccaiplex  airflows,  and  tortuous 
recombination  processes.  Accordingly,  no  effort  was  made  to  Investigate 
the  sensing  problem  in  the  laboratory  or  during  the  Vertol  CH-47  ground 
tests. 


For  the  flight-test  investigation  of  sensor  fidelity,  the  helicopter 
was  equipped  with  a  total  of  four  electric-field  meters  (field  mills). 

The  field  mills  are  visible  in  Figures  21  and  25.  The  overall  arrange¬ 
ment  of  the  field  meters  is  shown  in  the  sketch  in  Figure  38.  Provision 
were  made  to  suspend  Field  Meter  #1  from  the  helicopter  by  means  of  a 
nylon  rope  paased  through  the  cargo  hatch.  This  arrangement  simulates 
the  mounting  of  a  field  meter  on  the  helicopter  cargo  hook.  It  was 
argued  that  this  arrangement  minimized  the  amount  of  charged  material 
between  the  sensor  and  earth,  and  would  therefore  have  considerable 
promise  of  sensing  the  true  helicopter-to-ground  potential. 


Field  Meter  #2  was  located  on  the  underside  of  the  helicopter  near 
the  nose  in  the  region  often  used  in  the  past  for  field-meter  installations. 
This  field  meter  servea  to  tie  together  data  from  this  experiment  with 
earlier  work.  Field-Meter  #3  was  installed  on  the  side  of  the  fuselage 
roughly  centered  in  both  the  vertical  and  fore  and  aft  directions.  Field 
Meter  #4  was  mounted  on  the  top  of  the  fuselage  roughly  centered  fore  and 
aft,  and  slightly  to  the  left  of  the  fuselage  center  line.  The  purpose 
of  Field  Meters  3  and  4  was  to  investigate  the  possibility  of  using 
multiple  field-meter  installations  to  sort  out  the  effects  of  charged 
oust  and  ion  clouds  in  the  vicinity  of  the  hovering  helicopter  and  to 
infer  from  multiple  field-meter  readings  the  true  hellcopter-to  ground 


93 


potential. 

The  aenaor-fldellty  inatrumentatlon  system  Included  a  aet  of  five 
ground-baaed  field  neters  that  for  all  but  one  of  the  teata,  were  arrayed 
under  the  hovering  helicopter.  Thia  field-meter  ayatem  pe.rmitted  study 
of  the  way  In  which  dlacharge  Ion  and  charged  duat  clouda  are  distributed 
and  how  they  affect  the  electrostatic-field  structure  in  the  vicinity  of 
the  helicopter.  Two  basic  ground  field-meter  arrangements  were  used 
during  the  sensor-fidelity  tests.  For  any  particular  test,  the  configur¬ 
ation  employed  is  given  in  the  figure  that  shows  the  data  from  that  test. 

The  most  fundamental  sensor-fidelity  flight-test  experiment 
(illustrated  In  Figures  38  and  39)  consisted  of  determining  the  relation¬ 
ships  between  the  various  field-meter  readings  and  the  aircraft  potential. 
For  this  experiment,  the  ground  wire  was  connected  to  the  power-supply 
high-voltage  terminal.  In  this  way,  the  helicopter  potential  with  respect 
to  ground  Is  simply  the  power-supply  voltage.  The  connection  to  the 
power  aupply  was  actually  made,  by  connecting  a  piece  of  20-gauge 
hookup  wire  to  the  discharging-element  mount.  (The  discharging  element 
was  removed  for  these  tests.)  The  wire  led  to  a  ground  atake  aft  of 
the  helicopter,  so  that  during  hover  the  ground  wire  remained  well  aft 
of  the  helicopter  aa  shown  in  the  drawing. 

Figure  38  presents  the  results  of  measurements  on  the  cargo-hook 
field  meter.  First  we  observe  that  a  positive  field-meter  indication 
is  obtained  upon  the  application  of  a  positive  power*supply  voltage. 

This  is  in  keeping  with  the  sign  convention  for  field  meters  illustrated 
in  Figure  27,  where  a  positive  charge  above  the  field  meter  is  interpreted 
as  a  positive  field  indication  (this  is  the  convention  employed  by 
atmospheric  electricians).  Since  the  power  supply  is  connected  to  the 
outside  world,  a  positive  supply  voltage  "charges  the  world  positively" 
with  respect  to  the  field  meter.  Next,  wo  observe  that,  for  a  given 
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voltage  and  hover  altitude,  the  field-meter  reading  depends  critically 
on  the  field-noter  sensor  altitude,  h.  As  h  Is  decreased,  the  protrusion 
of  Field  Meter  #1  increases  so  that  it  produces  a  greater  concentration 
of  field  about  itself.  For  very  small  h,  the  proximity  of  the  ground 
further  enhances  the  field. 


A  word  of  caution  is  appropriate  here  regarding  the  degree  of 
reliance  that  shoull  be  placed  on  the  precise  values  of  the  #1  field- 

meter  readings.  In  comparing  the  data  at  H  =  25  and  H  =  50  for  h  =  5 

we  observe  that  the  field  meter  is  more  sensitive  at  the  25-ft  hover 

altitude.  This  may  result  from  errors  in  the  actual  hover  and  sensor 

altitude  stemming  from  the  way  the  experiment  was  conducted.  For 
example,  to  achieve  h  =  5  at  H  =  50,  45  ft  of  the  nylon  support  rope 
were  played  out,  and  the  helicopter  was  hovered  at  50  ft.  Thus  an  error  of 
a  few  feet  in  hover  altitude  introduces  the  same  absolute  error  into 
the  sensor  altitude.  Since  there  is  a  factor-of-10  difference  in  the 
two  nominal  altitudes  h  and  H,  the  percent  error  in  h  will  be  10  times 
the  percent  error  in  H.  It  is  likely  therefore  that  the  slope  of  the 
curve  for  h  =  5  at  the  50-ft  hover  altitude  should  actually  be  somewhat 
higher  than  shown. 


Returning  to  an  inspection  of  Figure  38,  we  find  that  varies 

linearly  with  V  until  corona  threshold  evidenced  by  non-zero  power- 
PS 

supply  current  is  reached,  and  some  corona  current  is  discharged.  At 
this  time  the  slope  of  the  curve  decreases.  Physically  this  behavior 
can  be  explained  as  follows.  The  aircraft  is  charged  negatively  with 
respect  to  the  earth  so  that,  to  the  field  meters,  the  outside  world 
looks  positive  and  they  give  a  positive  indication.  When  corona 
threshold  is  reached,  negative  charge  begins  to  leave  the  tips  of  the 
rotor  blades  and  is  driven  toward  the  ground  by  the  rotor  downwssh.  This 
negative  charge  in  the  vicinity  of  the  helicopter  makes  the  outside 
world  look  less  positive,  so  that  the  field-meter  reading  is  reduced. 
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(This  same  effect  of  corona  space  charge  was  reported  in  connection 
with  hovering  tests  conducted  on  CH-34C  and  UH-1A  helicopters.)  The 
effect  is  apparent  only  on  the  data  for  h  =  H  because  at  h  =  5  and  h  =  15, 
the  field-meter  output  saturates  before  corona  threshold  is  reached. 


Calibration  data  for  the  three  fuselage-mounted  field  meters  are 
shown  in  Figure  39.  Their  behavior  and  sensitivities  are  similar  to 
those  of  Field  Meter  #1  when  it  is  at  fuselage  level  (i,e,,..for  h  =  H). 


The  results  of  these  field  calibration  measurements  were  checked 
in  a  laboratory  experiment,  and  the  results  of  this  experiment  are 
reported  in  Appendix  I  . 


In  another  set  of  experiments,  the  helicopter  was  grounded  and 

hovered  over  an  array  of  ground  field  meters  as  shown  in  Figure  40.  These 

tosts  were  carried  out  in  a  "clean"  area  (that  is,  an  area  in  which 

there  was  no  dust  stirred  up  by  the  hovering  helicopter).  Current  was 

discharged  from  the  outrigger  discharger  and  readings  ...re  made  of 

electric-field  intensities  both  on  the  aircraft  and  on  the  ground  array. 

With  this  arrangement  the  helicopter  is  held  at  ground  potential  at 

all  times  so  that  there  is  no  contribution  to  the  electric-field  structure 

from  net  charge  on  the  helicopter.  Thus,  in  the  absence  of  perturbing 

influences,  the  airborne  field  meters  should  read  zero.  The  only  soun.es 

of  electric  field  around  the  helicopter  are  the  potential  applied  to 

the  discharging  element,  and  the  space  charge  generated  by  the  discharge 

ion  cloud.  In  a  laboratory-model  experiment,  the  relationship  between 

a  voltage  V  applied  to  the  discharger  and  the  electric  field  E  it 

n 

produces  at  a  sensor  location  n,  was  determined  and  is  given  in  Tablet  I. 
Comparison  of  these  tabulated  values  of  E/V  with  the  slopes  of  the  lines 
shown  in  Figure  39  shows  that  the  electric  field  produced  by  the  dis¬ 
charger  (and  measured  at  the  various  field-meter  locations)  is  small 
compared  to  the  measurement  of  the  true  electric  field.  Thus,  the  large 
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FIGURE  40  SENSOR-FIDELITY  FLIGHT  TESTS  WITH  OUTRIGGER  DISCHARGER  (clean  area) 


Table  I  I 


RELATIONSHIPS  BETWEEN  OUTRIGGER  VOLTAGE  AND 
ELECTRIC  FIELD  AT  VARIOUS  SENSOR  LOCATIONS 


Airborne-Field-Meter  Location 

E/V 

(n) 

(m  S 

1 

Not  determined 

2 

0.04 

3 

0.03 

4 

0.02 

•lectric  fields  measured  on  the  airborne  field  meter  in  Figure  39  are 
predominantly  due  to  the  ion  cloud  generated  by  the  discharger  that  is 
blown  around  the  various  field  mills  by  the  rotor-wash.  Further  exam¬ 
ination  of  Figure  40  shows  that  the  ion  cloud  produced  by  the  outrigger 
discharger  is  blown  down  into  the  ground  array,  giving  large  values  for 
the  electric  field. 

In  an  effort  to  better  understand  the  effect  of  the  discharger- 
produced  ion  cloud,  additional  experiments  were  carried  out  using 
various  discharger  locations.  Figure  41  shows  the  result  of  one  such 
experiment  in  which  the  discharger  in  the  left  engine  exhaust  was  used 
to  supply  the  ions.  It  can  be  seen  from  this  figure  that  the  ion-cloud 
perturbation  of  airborne  Field  Meter  #1  reading  is  somewhat  smaller  with 
tna  ring  than  with  the  outrigger  discharger  shown  in  Figure  40.  The 
ring-discharger  ion  cloud  has  a  markedly  smaller  effect  on  airborne 
Field  Metor  *2  then  does  ths  outrigger- produced  cloud.  This  difference 
is  attributable  to  the  fact  that  the  ion  cloud  produced  at  the  outrigger 
location  is  blown  about  in  relative  close  proximity  to  the  #1  and  #2 
airborne  field  moters,  whereas  the  ring  discharger  located  far  back 
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produces  an  ion  cloud  that,  due  to  the  engine  exhaust  and  rotor  down-wnsh 
flow  pattern  is  driven  away  from  the  *2  airborne  fiexd  meter  and  to  a 
lesser  extert  away  from  the  #1  airborne  field  meter. 

The  relation  between  a  voltage  applied  to  the  ring  discharger  and 

the  electric  field  E  measured  at  sensor  location  n  was  determined  in  a 

n 

way  similar  to  that  used  for  the  outrigger  discharger  (see  Tablell).  The 
coupling  factors  for  the  ring  discharger,  expressed  in  terms  of  the 
ratio  E/V,  was  less  than  0.02  for  all  airborne-field-meter  locations. 

It  can  be  seen  from  this  that  the  electric  fields  measured  by  the  various 
airborne  sensors  (see  Figures  38  and  39)  were  only  very  slightly 
influenced  by  the  ring-discharger  electric  field  and  were  principally 
due  to  the  ion-cloud  space  charge.  The  extent  of  the  migration  of  the 
ion  clouds  can  be  observed  in  the  ground  field  meters.  Referring 
again  to  Figure  41,  it  is  seen  that  the  #2  ground  field  meter  gives  a 
higher  field  reading  than  does  the  #1  ground  field  meter  (the  #2  ground 
field  meter  was  beneath  and  somewhat  behind  the  rfng  discharger;  the 
#1  ground  field  meter  was  directly  beneath  the  CH-47  cargo  hatch).  The 
results  of  these  tests  indicate  that  in  order  to  correctly  infer  the 
helicopter  potential,  it  is  essential  that  the  field-meter  location  be 
chosen  such  that  there  is  minimal  effect  from  the  discharger  ion  cloud, 
since  the  field  meter  cannot  differentiate  betr  in  the  "desired"  electric 
field  due  to  aircraft-to-ground  potential  and  an  electric  field  generated 
by  an  ion-produced  space  charge. 

As  indicated  above,  it  appears  that  even  airborne  Field  Meter  #2 
is  strongly  enough  influenced  by  the  discharge-product  ions  to  indicate 
fields  of  5  kV/m  or  so.  Hie  HLH  electrostatic-discharge  objective  is 
to  maintain  energy  transfers,  upon  contact  with  the  ground,  of  less  than 
1  mJ.  It  can  be  seen  from  Figure  39  that  the  potential  Inferred  from 
5  kV/m  (H  =  25  ft)  is  about  6.7  kV.  If  one  asswaes  a  helicopter 
self-capacitance  of  about  2000  pF,  and  if  the  helicopter  was  not  grounded 
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and  was  actually  using  such  an  active  system,  the  actual  energy  transfer 
upon  ground  contact  would  be  about  45  mJ,  or  about  50  times  that  of 
the  design  objective.  Therefore,  "minimal  effect"  at  field-meter 
location  #2  means  that  the  field  measured  there  would  have  to  be  less  than 
about  1  kV/m.  It  is  noted  here  that  during  the  Yuma  tests,  the  ambient 
(i.e.,  naturally  occurring)  electric  field  was  often  about  100  V/m 
under  conditions  of  nearly  cloudless  days,  and  that  shortly  before  a 
thunderstorm  the  ambient  field  increased  to  approximately  1.2  kV/m. 

The  sensor-fidelity  tests  were  extended  to  determine  the  effects 
of  a  dusty  operating  environment  on  the  performance  of  the  field  meters. 
The  helicopter  was  operated  in  an  area  of  plowed  desert  sand  at  the 
Yuma  Proving  Ground  to  reflect  a  severe  natural  charging  environment. 

Before  an  understanding  of  the  various  observed  phenomena  was 
possible,  it  was  necessary  to  determine  the  effects  of  blowing  dust  in 
the  absence  of  the  helicopter.  This  was  accomplished  during  a  series  of 
"fly-by"  measurements.  The  ground  array  of  field  mills  was  laid  out 
in  its  usual  configuration  and  the  helicopter  was  used  as  a  wind  source 
to  blow  the  dust  over  the  sensors.  The  helicopter  was  flown  past  the 
ground  array,  at  an  altitude  of  50  ft  on  the  upwind  side,  at  a  speed 
that  was  slow  enough  to  allow  a  good-sized  dust  cloud  to  develop,  and 
yet  fast  enough  so  that  the  dust  cloud  did  not  rise  to  contact  any  part 
of  the  helicopter.  After  a  trial-snd-error  period,  this  speed  was 
determined  to  be  about  5  knots,  and  several  fly-bys  were  made,  as  shown 
in  Figure  42.  .  The  results  of  these  fly-bys  were  consistent,  and  the 
ground  field  mills  indicated  that  as  the  dust  cloud  blew  across  the 
surface  of  the  earth  it  became  positively  charged,  as  shown  in  the  graph 
inset  in  Figure  42.  The  dust  cloud's  movement  over  the  surface  can  be 
observed  in  the  graph  from  the  time-to-peak  for  each  field  meter,  and  it 
is  seen  that  Field  Meter  #3  peaks  first  and  #1  peaks  last,  which  agrees 
with  the  direction  the  dust  cloud  was  blown.  The  speed  of  the  cloud's 
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FIGURE  42  HELICOPTER  FLY-BY  INVESTIGATION  OF  DUST-DUST  TRIBOELECTRIC- 
CHARGING  EFFECTS 
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movement  along  a  line  between  field-meters  #3  and  *4  can  be  easily 
calculated  to  be  about  10  ft/e,  since  these  mills  were  about  70  ft  apart. 
The  airborne  Instrumentation  was  not  used  during  these  tests. 

The  Initial  natural -charging  sensor-fidelity  tests  were  made  at 

various  hover  altitudes  and  Field  Meter  #1  altitudes  with  the  helicopter 

grounded.  During  these  tests,  the  electric  fields  on  the  airborne  and 

ground  systems  were  recorded  as  a  function  of  time.  Results  typical  of 

the  observed  electric  fields  are  shown  In  Figure  43  for  a  hover  altitude 

of  50  ft  and  the  Field  Meter  #1  altitude  of  25  ft.  It  should  be  repeated 

here  that  the  hovering  helicopter  was  kept  at  ground  potential  through 

the  ground  line,  and  therefore  any  measured  electric  field  other  than 

zero  represents  an  error  In  the  measurement  of  the  helicopter-earth 

electric  field.  Figure  43  shows'  the  charging  current,  I  ,  the  alrborne- 

G 

field-meter  data  and  the  ground-field-meter  data  recorded  over  a  35-s 

period.  Time  =  0  denotes  roughly  where  the  takeoff  occurred,  and  the 

hover  altitude  of  50  ft  over  the  ground  array  was  established  at 

approximately  15  s.  It  Is  observed  from  this  figure  that  I  ,  the 

G 

charging  current,  rapidly  Increases  to  about  300  y,A  and  then  at  about 

t  =  15  ■  slowly  begins  to  decay.  This  decay  Is  due  to  the  rotor  wash 

blowing  the  dust  away  from  the  measurement  site.  It  Is  also  observed 
from  this  figure  that,  except  for  sporadic  instances,  all  of  the  ground 
field  meters  and  airborne  field  meters  #1,  #3,  and  #4  measured  positive 
electric  fields.  This  is  in  agreement  with  the  fly-by  tests  discussed 

earlier,  and  It  indicates  that  the  field  meters  were  looking  into  a 

region  of  positive  (relative  to  the  helicopter)  charge,  according  to  our 
sign  convention  (see  Figure  27).  The  negative  electric  field  measured 
by  the  airborne  #2  field  meter  was  unexpected,  but  It  is  now  felt  that 
this  behavior  could  be  due  to  the  frictional  charging  of  the  plastic 
cockpit  canopy  and  the  proximity  of  Field  Mill  #2  to  that  canopy. 
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FIGURE  43  OBSERVATION  OF  ELECTRIC  FIELDS  ON  VARIOUS  SENSORS  MEASURED  AS  A  FUNCTION  OF  TIME 


A  laboratory  experiment  was  performed  to  examine  this  hypothesis  in 
more  detail.  A  field  mill  was  set  up  in  the  vicinity  of  a  charged  sheet 
of  plexiglass  to  simulate  the  cockpit  canopy.  The  plexiglass  was  then 
sprayed  with  powdered  walnut  shells  (to  simulate  dust)  which,  when 
sprayed,  acquired  a  positive  charge.  The  observed  results  were  that 
the  plexiglass  acquired  a  charge  that  was  the  algebraic  sum  of  its 
quiescent  charge  and  the  charge  on  the  shells.  This  summing  process 
continued  until  the  charge  on  the  plexiglass  became  saturated,  and  plastic 
to-alr  discharges  began.  It  is  felt  that  this  experiment  supported 
the  notion  discussed  above.  The  convective  flow  patterns  produced  by 
the  rotors  tend  to  limit  the  amount  of  dust  (around  the  canopy  and 
Field  Meter  #2)  that  has  been  blown  up  directly  from  the  surface  of 
the  earth  (l.e.,  the  lower  cockpit  canopy  and  Field  Meter  #2  are  in  a 
stagnation  region).  The  triboelectrlc  processes  occurring  on 
the  rotor  blades,  on  the  other  hand,  tend  to  strip  positive  charges 
from  the  dust  and  send  the  (now)  negative-charged  dust  downward  in  the 
rotor-wash;  these  negative  charges  are  then  deposited  on  the  canopy, 
which  gives  rise  to  the  negative  measured  electric  field. 

Although  the  general  behavior  of  the  fields  measured  by  the  field 
meters  was  similar  for  each  sortie  flown  in  the  dust,  the  specific 
behavior  was  sufficiently  random  that  no  definite  conclusions  could  be 
drawn  about  the  effects  of  sensor  location,  inferred  potentials,  and 
other  factors.  To  describe  such  random  processes,  it  is  profitable  to 
employ  statistical  methods.  Accordingly,  the  variation  of  field  measured 
as  a  function  of  time  was  statistically  analyzed  for  each  airborne  field 
mill,  and  the  results  are  given  below.  A  detailed  account  of  the  methods 
used  in  this  analysis  is  given  in  Appendix  II. 

All  of  the  sorties  flown  in  the  dust  were  evaluated  for  possible 
use  in  the  statistical  compilation  shown  below,  in  an  attempt  to  find 
data  that  would  represent  "unbiased"  operating  parameters.  Examples 
of  data  excluded  were  data  that  represented  "climbing-to-hover"  conditions 
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data  In  which  the  hover  altitude  was  uncertain,  data  contaminated  by 
the  presence  of  dissipator  ions,  and  data  in  which  the  desired  field 
meter  failed.  This  selection  process  resulted  in  a  total  of  about  9 
minutes  of  data  (one  sample  per  second)  for  Field  Meters  =2,  *3,  and 
»4  and  about  2  minutes  of  data  for  Field  Meter  *1 .  Although  these  times 
reflect  only  a  small  portion  of  the  total  times  spent  in  hover,  they 
were  deemed  adequate  because  after  a  couple  of  minutes  of  data,  the 
change  in  statistics  with  an  increasing  number  of  samples  became  small. 

Since  the  helicopter  was  electrically  grounded  during  these  operations, 
it  is  known  that  any  field  (and,  hence,  inferred  A/C  potential)  other 
than  zero  represents  an  error.  The  data  given  in  Table |||  represent  an 
effort  to  determine  the  extent  of  this  error  which  is  of  interest  in  the 
calculation  of  discharge  energies.  The  table  is  a  short  statistical 
summary  of  the  hover-in-dust  data  that  were  examined  in  detail.  (The 
symbols  in  the  table  are  those  normally  used  in  a  statistical  work  and 
p”e  explained  in  Appendix  I.)  Tablel  I  lindicates  that  the  mean  error 
indicated  by  Field  Meter  #2,  for  example,  at  the  50-ft  hover  altitude 
wad  26.4  kV/m  (field)  or  48  kV  (potential  Inferred  from  Figures  38  and 
39),  and  the  standard  deviations  were  14.6  kV/m  (field)  and  26.6  kV 
(potential).  Tablell lean  be  read  in  a  similar  manner  for  the  other 
sensors  and  hover  altitude. 

Although  the  field  (or  potential)  means  and  standard  deviations 
are  useful  from  an  information  point  of  view,  they  can  be  misleading 
if  a  normal  distribution  is  assumed  when  calculating  Inferred  discharge 
energies.  A  plot  of  the  actual  frequency  distribtuion  (histogram)  for 
the  inferred  potentials  (see  Appendlxl  I)  shows  that  the  data  represent 
a  very  poor  approximation  to  a  normal  distribution  in  most  cases,  and 
that  a  more  suitable  distribution  would  be  required  to  permit  an 
adequate  analytic  Investigation  of  the  Inferred  discharge-energy 
probabilities. 
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Table  1 1 1 

STATISTICAL  COMPILATION  OF  DATA  IBASURED  BY 
AIRBORNE  FIELD  IB  IE  AS  VHILT  HOVERING  IN  DUST  AT  2S  AND  SO  FT 


(Helicopter  Grounded ,  Dlaalpatora  not  Uaod) 
(Field  Motor  II  at  Half  Hovor  Altltudo) 


Field 

Hover 

E/V 

N 

E 

2 

'E 

(kV/n) 

V 

2 

5V 

Mster 

Altitude 

(ft) 

(kV/n) 

*  2 
(kV/n) 

(kV) 

(kV)2 

V 

(kV) 

#1 

25 

2.86 

139 

80.7 

3180.9 

56.4 

28.2 

307.0 

19.7 

SO 

2.45 

103 

84.8 

3120.3 

55.9 

34.6 

520.1 

22.8 

#2 

25 

0.75 

142 

27.4 

238,7 

15.4 

36.6 

424.2 

20.6 

50 

0.55 

530 

26.4 

214.0 

14.6 

48.0 

708.7 

26.6 

#3 

25 

0.22 

77 

17.8 

4.8 

2.2 

81.0 

100.4 

10.0 

50 

0.133 

489 

15.7 

19.8 

4.5 

118.0 

1113.6 

33.4 

#4 

25 

0.1 

77 

4.1 

6.3 

2.5 

40.9 

629.4 

25.1 

50 

0.08 

489 

3.3 

4.7 

2.16 

41.4 

729.0 

27.0 

After  investigating  severs!  histograms,  It  vaa  decided  that  the 
onTy  distribution  that  could  be  uaed  without  calculating  higher-order 
momenta  would  be  the  actual  frequency  distribution  of  the  data  Involved. 

TablelV  shows  the  results  of  diaensrge -energy-probability  calculations 

caroled  out  utilising  the  raw  data  summarised  in  Tabled  I  Table IV  shows, 

2 

for  a  given  discharge  energy  (£dl-ch  *  )CV  ),  the  potential  at  which 
this  energy  level  occurs  (Inferred  froe  Figures  38  and  39),  and  based 
on  a  numerical  Integration  of  tho  histograa  (carried  out  on  the  SRI 
XD8  030  computer),  the  probability  that  the  specified  energy  will  be 
equalled  or  exceeded.  The  calculations  assume  a  helicopter  self-eapacl- 
tance  of  2000  pf.  Table IV  shows  that,  for  the  50-ft  hover  altitude, 

Field  Meter  #1  has  the  lowest  probability  for  a  given  energy,  and  that 
Field  Meters  #2  and  #4  are  about  equal.  The  25-ft  hover  data  show  that 
Field  Meter  #1  Is  best,  again,  but  that  all  the  field  asters  at  any 
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tudc  exhibit  a  high  probability  of  indicating  fields  equivalent 
to  energies  approaching  potentially  lethal  levels. 

Table  IV 

DISCHARGE-ENERGY  PROBABILITY  CALCULATIONS  INFERRED  FROM 
FIELD-METER  DATA  FOR  A  HELICOPTER  HOVERING  IN  THE  DUST 

(Field  Meter  #1  at  Half  Hover  Altitude) 


hover  alti 


Energy 

(mJ) 

Potential 

(kV) 

Probability 

P  >  E 

dlsch 

FM 

#1 

FM 

« _ 

FM 

#3 

FM 

#4 

Hover  Altitude  (ft) 

25' 

50' 

25' 

50' 

25' 

50' 

25' 

50' 

1 

1.0 

0.99 

0.97 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

5 

2.2 

0.97 

0.95 

0.99 

1.0 

1.0 

1.0 

1.0 

1.0 

10 

3.2 

0.96 

0.92 

0,99 

1.0 

1.0 

1.0 

1.0 

1.0 

50 

7.1 

0.88 

0.86 

0.97 

0.98 

1.0 

1.0 

1.0 

1.0 

100 

10.1 

0.79 

0.85 

0.95 

0.96 

1.0 

1.0 

1.0 

1.0 

500 

22.4 

0.53 

0.62 

0.74 

0.86 

1.0 

1.0 

0.83 

0.90 

1000 

31.6 

0.44 

0.39 

0.55 

0.75 

1.0 

0.99 

0.65 

0.75 

5000 

70.7 

0.0 

0.0 

0.08 

0.21 

0.89 

0.96 

0.15 

0.20 

10000 

100.0 

0.0 

0.0 

0.00 

0.03 

0.0 

0.85 

0.01 

0.O1 

Defining  lethal  levels  of  impulse  shock  is  difficult  in  view  of  the 

scarcity  of  data,  and  the  complex  way  in  which  electrical  shock  affects 

the  body.  Ventricular  fibrillation,  which  is  the  most  common  cause  ot 

death  in  electric  shock  cases,  occurs  at  intermediate  levels  of  current. 

Below  this  level,  only  unpleasant  sensations  are  felt,  while  very  strong 

9 

short  shocks  will  stop  a  flbrillating  heart.  Dalziel  describes  a 
case  in  Sweden  in  which  a  22  year  old  man  was  killed  as  the  result  of 
receiving  the  residual  charge  from  the  capacitors  of  a  high  voltage 
filter  supplying  a  150  kW  transmitter.  The  energy  received  by  the 
victim  was  estimated  to  be  24  joules.  The  s  me  paper  discusses  other 
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cases  in  which  people  received  comparable  or  higher  shocks  and  survived 

with  burns,  unconsciousness,  or  severe  headaches.  Dalziel  and  Lee10 

discuss  experiments  with  dogs  which  indicate  that  a  0.1-s  current 

pulse  of  200  mA  will  start  fibrillation  and  that  the  minimum  flbrillating 

current  is  related  to  the  duration,  T,  of  the  current  as  1//T,  For  the 

case  of  a  charged  helicopter  with  a  capacitance  of  2000  pF  discharged 

by  a  resistance  of  5000  ohms  (body  plus  ground),  the  discharge  pulse 

-9  3  -5 

duration  is  T  =  RC  =  (2  x  10  )  x  (5  x  10  )  =  10  -s.  Extrapolating 

the  work  of  Ref.  10,  this  means  that  the  minimum  fibrillation  current 

is  20A.  The  initial  current  from  the  helicopter  charged  to  100  kv  and 

5  3 

discharged  through  5000  0  1*  10  /(5  x  10  )  =  20  Amp.  Thus  the  higher 

energy  levels  of  Table  IV  are  approaching  a  very  dangerous  regime,  and 
cannot  be  considered  acceptable. 

The  calculations  for  Table  I V  were  made  using  data  that  were  taken 
with  the  helicopter  grounded;  therefore,  they  represent  an  error  quantity 
that  reflects  the  magnitude  of  the  error  expected  if  the  helicopter 
were  operated  ungrounded,  using  an  active  sensing  and  dissipation  system 
to  keep  the  Indicated  aircraft-to-earth  potential  at  zero  volts. 

These  large  errors  in  aircraft-potential  determination  are  due  to 
the  cloud  of  charged  dust  particles  swirling  about  the  aircraft,  and 
Influencing  the  field-meter  readings  in  the  same  way  they  were  Influenced 
by  the  ion  cloud  created  by  the  outrigger  discharger  discussed  earllor. 

In  an  additional  attempt  to  understand  the  relation  between 
helicopter  potential  and  the  measured  electric  fields,  natural  charging 
with  the  helicopter  grounded  was  observed  as  discussed  above  and  then 
the  ground  line  was  disconnected,  allowing  the  helicopter  to  acquire  a 
charge.  Figure  44  shows  data  typical  of  these  tests.  As  in  the 
previous  figure,  t  ■  0  denotes  roughly  the  time  of  takeoff  to  hover; 
hover  was  established  over  the  ground  arrays  at  approximately  t  =»  15  s. 

Ill 


It  is  observed  from  Figure  44  that  the  behavior  of  the  airborne  and 
ground  field  mills  is  similar  to  behavior  to  that  of  Figure  43  before 
the  ground  line  was  disconnected.  When  the  grounded  line  was  disconnected 
lit  t  s  68  s  ic  is  observed  that  the  airborne  field  meters  indicate  a 
negative  charge.  This  is  consistent  with  the  idea  that,  after  the 
ground  line  is  snapped,  the  helicopter  begins  to  acquire  a  positive  charge 
from  the  previously  charged  dust  and  from  its  own  triboelectrlc  process 
during  the  rotor-blade  collisions  with  the  dust  particles.  After 
contacting  the  helicopter  the  dust  particles  blow  down  and  away  with  a 
reduced  positive  (or  zero,  or  negative)  charge.  This  cloud  then  appears 
negative  to  the  airborne  field  meters,  because  the  meters  measure  field 
with  respect  to  the  helicopter.  The  field  meters  in  the  ground  array, 
however,  are  still  looking  into  a  positive  electric  field  due  to  the 
positively  charged  dust,  and  the  (now)  acquired  positive  charge  on  the 
helicopter. 

In  an  attempt  to  try  to  separate  the  "true"  electric  field  of  the 
helicopter  from  the  electric  field  produced  by  the  charged-dust-cloud 
space  charge,  an  experiment  was  conducted  in  which  selected  field 
meters  were  surrounded  by  a  grounded  wire-mesh  netting.  The  effect 
of  this  "cage"  around  the  field  meters  would  be  to  shunt  most  of  the 
true  electric  field  to  ground  while  allowing  the  charged  dust  particles 
to  freely  blow  into  the  cage,  thereby  measuring  the  field  due  to  the 
ion-cloud  space  charge.  The  shunting  of  the  electric  field,  while 
having  a  minor  effect  on  the  fields  from  the  dust  within  the  cage,  was 
determined  in  a  laboratory  experiment  to  have  reduced  the  gain  of  the 
field  mills  to  external  fields  by  a  factor  of  20.  The  field  meters 
chosen  for  "caging"  were  #2  and  #4  on  the  ground  array  and  #1  on  the 
helicopter.  The  results  of  this  experiment  showed  that  ths  fields 
Inferred  from  the  "caged"  and  "uncaged"  field  meter  data  were  comparable. 
This  result  is  significant  because  the  caged  field  meter  readings  were 
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multiplied  by  20  to  obtain  equivalent  uncaged  readings.  Since  the  caged 
field  meters  were  exposed  to  essentially  the  same  dust  environment  ns 
the  uncaged  field  meters,  this  means  that  errors  from  extraneous  effects 
(such  as  field  meter  insulators  charged  by  impinging  dust)  associated 
with  operating  a  field  meter  in  a  charged  dust  environment  were  down 
by  a  factor  of  at  least  20  below  the  measured  values. 

Additional  ground-disconnect  experiments  were  carried  out  in  the 
"clean"  area  to  verify  the  dust  measurements  made  in  Phillips  Drop 
Zone.  The  results  of  these  clean  tests  are  shown  in  Figure  45  for  a 
25-ft  hover  altitude,  with  a  5-ft  Ml  sensor  altitude.  A  low,  negative- 
polarity  power-supply  voltage  was  used  during  these  tests  to  try  to 
obtain  about  the  same  average  magnitude  of  "artificial"  charging  as 
obtained  during  hovering  in  the  dust.  It  can  be  seen  from  this  figure 
that,  prior  to  the  ground  disconnect,  the  airborne  field  meters  are, 
as  expected,  looking  into  a  small  negative-ion  region  due  to  the  down- 
washed  negative-ion  cloud  produced  by  the  ring  discharger  mounted  five 
exhaust  nozzle  diameters  behind  the  left  engine.  The  ground  array, 
it  is  observed,  is  also  measuring  a  very  small  negative  field.  The 
ground  Field  Meters  M2  and  *4,  and  airborne  Field  Meter  Ml,  were  caged 
in  this  experiment.  At  t  =  22  s  the  grounding  wire  was  snapped  and  it 
is  seen  that  the  airborne  field  meters  indicate  an  immediate  increase 
in  the  observed  field.  This  is  consistent  with  previous  experiments, 
and  it  shows  that  the  helicopter  is  becoming  more  positively  charged 
than  the  environment  around  it.  It  is  also  seen  that  the  ground  field 
meter  indicates  an  increasing  positive  charge,  which  suggests  that  the 
electric  field  from  the  helicopter  becomes  much  stronger  and  overpowers 
the  field  due  to  the  ion  space  charge.  At  about  t  -  40  s  it  is  observed 
from  the  figure  that  the  measured  fields  begin  to  decrease  in  magnitude 
even  though  the  voltage  supplying  ions  to  the  discharger  remains  constant. 
It  is  felt  that  this  is  attributable  to  the  fact  that  the  helicopter 


acquires  enough  charge  to  put  it  into  corona,  and  the  corona  tends  to 
lower  the  observed  fields. 

An  experiment  to  determine  the  effects  of  wind  on  sensor  operation 
was  performed  and  the  results  are  shown  in  Figure  46.  During  this 
experiment  the  helicopter  was  grounded  and  hovered  first  facing  into  a 
35-knot  wind  at  an  altitude  of  25  ft  at  Phillips  Drop  Zone.  Using  the 
ring  discharger  at  5  diameters  behind  the  left  engine  exhaust,  the 
natural  charging  current  was  nulled  and  the  airborne  and  ground  fields 
were  measured.  Then,  while  maintaining  the  same  position  over  ground 
Field  Meters  #2  and  #5,  the  helicopter  was  pivoted  90  degrees  to  the 
right,  so  that  the  wind  was  blowing  on  the  left  side  of  the  helicopter, 
and  the  nulling  experiment  was  repeated.  The  results  of  this  experiment 
verified  previous  assumptions  made  about  the  wind  effects.  It  can  be 
seen  from  this  figure  that  when  the  helicopter  is  hovering  into  the  wind, 
airborne  Field  Meters  #1  and  #2  measure  a  higher  field  than  is  observed 
during  the  hover  when  the  wind  is  broadside  to  the  helicopter.  It  is 
also  observed  that  Field  Meters  #3  and  #4  measure  comparable  fields  in 
both  orientations.  These  data  Indicate  that  the  ambient  wind  does  play 
an  important  role  in  the  movement  of  the  discharge  ions,  but  that  even 
a  30-to-35-knot  wind  is  not  sufficient  to  blow  all  of  the  discharge  ions 
away  from  the  sensors.  The  ground  field  meters  indicate  that,  because 
of  geometry  (see  Figure  46 ) ,  as  the  helicopter  is  turned  broadside  to 
the  wind  only  a  small  net  effect  is  observed. 
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IV  CONCLUSION*! 


The  experiment  discussed  above  has  shown  excellent  agreement 
between  laboratory  tests,  ground  tests,  and  flight  tests.  It  has 
demonstrated  that  laboratory  work  is  a  useful  and  economical  tool  for 
investigating  concepts  related  to  discharger  operation  and  design. 

Laboratory  tests  and  flight  testing  have  confirmed  that  discharger 
designs  capable  of  discharging  at  least  600  mA  net  current  (the  HLH 
design  goal)  are  probably  achievable  for  application  to  the  Boeing  301 
HLH  helicopter.  These  tests  have  also  indicated  that  existing  discharger 
technology  is  sufficient  to  achieve  that  goal. 

The  flight-test  data  taken  during  the  Yuma  tests  and  the  laboratory 
measurements  program  indicate  that  optimum  discharger  designs  for  the 
301  HLH  would  be  those  that  have  the  discharging  electrode  standing 
isolated  in  the  exhaust  flow.  These  designs  allow  one  or  more  corona 
points  to  be  inserted  into  the  turbine  exhaust  at  a  location  as  far 
removed  from  the  fuselage  as  possible,  to  minimize  recirculation,  yet 
close  enough  to  the  turbine  exhaust  nozzle  to  provide  strong  convective 
flows  to  remove  the  discharged  ions.  Moving  the  discharger  far  out  into 
the  exhaust  plume  allows  large  displacements  from  the  fuselage  and,  in 
addition,  it  allows  the  discharger  to  be  in  a  region  of  low  temperature 
and  therefore  lower  ion  mobility  which  aids  the  discharging  process. 

The  flight  tests  conducted  at  the  Yuma  Proving  Grounds  indicate 
that  accurate  sensing  of  the  helicopter-earth  electric  field  by  a  simple 
field  meter  or  by  an  array  of  meters  is  very  difficult  to  achieve  when 
the  helicopter  is  operating  in  an  environment  containing  charged  ions, 
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and  other  solutions  to  the  problem  might  be  more  feasible,  and  should  be 
thoroughly  Investigated. 

A  remote-sensing  infinite-impedance  voltmeter,  for  instance,  could 
be  suggested  as  one  possible  solution  to  the  problem.  In  this  scheme 
the  voltmeter  (a  field  mill)  could  be  located  inside  the  helicopter  and 
the  sensing  accomplished  by  means  of  a  high-resistance  weighted  thread 
that  would  contact  the  ground  and  allow  a  direct  measurement  of  the 
helicopter-earth  potential  to  be  made.  In  this  scheme,  the  frictionally 
charged  dust  and  the  discharger  ions  would  have  no  effect  on  the 
measurement,  and  a  zero  potential  could  be  established  and  maintained. 

The  need  for  a  sensing  device  would  be  eliminated  altogether  if 
the  helicopter  were  grounded  through  a  wire  to  ground.  The  grounding 
could  be  accomplished  by  firing  an  arrow,  with  the  grounding  wire 
attached,  from  the  helicopter  to  ground,  or  by  allowing  suitably  pro¬ 
tected  personnel  on  the  ground  to  attach  the  ground  wire  to  a  grounded 
stake. 

Electric-field  measurements  made  with  sensors  located  on  the  nose, 
side,  top,  and  on  the  cargo  hook  have  shown  that  the  field  meters 
generally  provide  inaccurate  measurements  of  field  in  the  presence  of 
charged  ions,  charged  dust  particles,  or  even  the  ion  cloud  generated 
by  the  discharger,  which  is  attempting  to  reduce  the  helicopter  potential. 

The  data  obtained  during  the  dust-hover  operations  indicated  that 
discharge  energies  approaching  near-lethal  levels  would  be  inferred  from 
the  field  mills  when  the  actual  helicopter  potential  was  maintained  at 
zero  volts  by  using  a  ground  wire. 

It  was  shown  that  the  smallest  of  these  field-meter  Inaccuracies, 
at  high  active  dlsslpator  currents,  could  lead  to  energy  transfers  more 
than  fifty  times  greater  than  the  HU!  design  objective  of  1  mJ. 
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An  array  of  field  meters  located  beneath  the  hovering  helicopter 
indicated  that  although  the  electric  field  emanating  from  it  can  be 
accurately  determined  when  there  is  no  natural  charging  taking  place, 
the  ground  sensing  problem  becomes  just  as  much  a  problem  as  the  air¬ 
borne  sensing  when  the  helicopter  is  in  the  presence  of  dust. 
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Appendix  I 


LABORATORY  ELECTROSTATIC  MEASUREMENTS 


The  f ield-meter-callbration  experiment  performed  during  the  flight- 
teet  portion  of  thle  etudy  provided  a  relationship  between  the  helicopter- 
earth  potential  and  the  electric  field  meter  outputs  (see  Figures  38  and  39)  . 

To  simplify  the  Installation  task  as  much  as  possible,  the  field 
meters  were  Installed  completely  on  the  surface  of  the  skin  as 
shown  In  Figure  22.  With  this  mounting  technique,  It  is  not 
necessary  to  cut  holes  In  the  helicopter  skin  so  that  field  meters  can 
be  placed  wherever  the  experiment  dictates  without  having  to  consider 
the  structural  or  mechanical  problems  that  would  arise  in  a  flush  field 
meter  Installation.  Since  the  field  meters  mounted  on  the  helicopter 
protruded  about  4  Inches  beyond  the  surface  of  helicopter  skin,  It  was 
apparent  that  the  electric-field  lines  would  tend  to  concentrate  around 
the  field  mills.  This  concentration  of  field  would  give  rise  to  a  higher 
Indicated  electric  field  than  would  be  observed  If  the  field  mills  were 
mounted  flush  with  the  fuselage. 

In  order  to  determine  how  the  concentrated  field  (or  "face  field',' 

E.  )  was  related  to  the  fuselage  field  (or  skin  field,  E  .  ,  )  a 
face  skin 

laboratory  experiment  was  performed  to  measure  this  relation.  This 
experiment  consisted  of  mounting  a  field  meter  on  a  ground  plane  in  a 
protruding  fashion,  similar  to  that  done  on  the  CH-47,  and  immersing 
this  unit  into  a  large  (5  ft-by-S  ft)  parallel-plate  electrostatic  cage. 

The  potential  between  the  plates  was  then  varied,  and  the  field-meter 
output  recorded.  Since  the  potential  (as  measured  by  an  electrostatic 
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voltmeter)  and  the  cage  dimensions  were  accurately  known,  the  actual 
electric  field  applied  was  precisely  known. 

The  field  meter  was  then  mounted  flush  in  the  ground  plane  of  the 

cage,  and  the  experiment  was  repeated.  By  comparing  the  relative  outputs 

of  the  field  meters  for  these  two  configurations  at  a  specified  incident 

field,  the  values  Ef ace/Eski n  can  be  observed.  The  results  of  this 

experiment  are  shown  in  Figure  47  and  it  is  seen  that  E.  /E  is 

face  skin 

about  2.5. 


ABSOLUTE  ELECTRIC  FIELD  —  kV/m 


FIGURE  47  COMPARISON  OF  RESPONSES  OF  FLUSH-MOUNTED  FIELD  METEK 
WITH  RESPONSES  OF  PROTRUDING  FIELD  METER 


A  related  experiment  was  performed  at  this  time  to  determine  the 
accuracy  of  the  field-meter  calibrator  used  during  the  Yuma  flight  tests. 
The  field-meter  calibration  box  used  during  the  flight  tests  consisted 
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of  two  12-by-12-inch  parallel  plates  separated  by  a  distance  of  10  cm. 
When  a  potential,  V,  was  applied  between  these  metal  plates,  an  electric 
field,  E  «  V/0.1  volts  per  meter  was  established  In  the  region  between 
them.  One  of  the  plates  had  a  hole  cut  in  It  to  permit  the  passage  of 
the  field  meter  vanes  when  the  calibration  assembly  was  placed  over  the 
field  meter  sensor  head.  With  the  calibrator  in  place,  the  field  meter 
sensor  head  was  in  effect  flush-mounted  in  one  of  the  calibrator  plates. 
Since  the  calibrator  had  to  be  carried  around  from  place  to  place,  it 
had  to  be  made  small  to  insure  portability.  There  was  some  concern 
about  the  adequacy  of  the  size  of  the  plates  used  and  how  well  they  would 
provide  a  good  calibration  with  minimal  effect  from  fringing  fields. 

The  laboratory  experiment  to  determine  the  accuracy  of  the  field-test 
calibrations  consisted  of  calibrating  a  field  mill  with  the  portable 
calibrator  and  then  calibrating  it  with  the  electrostatic  cage.  The 
additional  line  shown  in  Figure  47  shows  the  results  of  this  experiment, 
and  it  is  seen  that  the  difference  between  the  electrostatic  cage  and 
the  calibrator  is  insignificant. 

It  is  important  to  consider  the  significance  of  these  laboratory 
measurements  in  terms  of  the  helicopter  experiment.  All  of  the  data  in 
the  report  are  presented  in  terms  of  "face  field"  including  Figures  38 
and  39.  Thus,  in  calculating  vehicle  potentials  from  flight  data,  it 
is  not  necessary  to  convert  the  data  to  skin  fields  provided  Figures  38 
and  39  are  used  to  convert  from  field  to  potential.  If,  on  the  other 
hand,  one  is  interested  in  the  value  of  the  electric  field  at  the  skin 
to  compare  it  to  the  results  of  calculations,  or  if  one  is  interested 
in  the  response  he  would  obtain  from  a  flush-mounted  field  mill,  he 
should  convert  the  field  meter  reading  in  question  to  "skin  field"  by 
dividing  it  by  2.S. 

To  provide  a  check  on  the  relationships  between  helicopter  potential 
and  the  electric  fields  at  the  field  meter  locations,  the  laboratory 
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model  measurements  Illustrated  in  Figure  48  were  conducted.  A  -  scale 

•lo 

model  (sprayed  with  silver  paint  to  render  it  conducting)  was  suspended 

at  a  scaled  hover  altitude  H/48  above  a  ground  plane  in  the  laboratory. 

In  configuration  1,  high  voltage  was  supplied  to  the  helicopter  via  a 

coaxial  cable  with  the  shield  grounded.  (This  arrangement  closely 

duplicates  the  situation  shown  in  Figures  38  and  39  where  a  grounded 

wire  led  from  a  high  voltage  connection  on  the  helicopter  to  ground.) 

The  electric  field  intensity  at  a  field  meter  location  was  measured  by 

touching  a  small  conductor  (the  nut  of  a  4-40  screw  mounted  on  a  —  inch- 

8 

diam.  teflon  rod)  to  the  point  in  question  and  measuring  the  charge 
transferred  to  the  probe  using  a  vibrating  reed  electrometer.  The 
charge  transferred  is  proportional  to  the  field  intensity.  Absolute 
fi'jld  determinations  were  made  by  calibrating  the  charge  transfer  probe 
in  the  known  static  electric  field  between  a  pair  of  parallel  metal 
plates.  The  results  of  such  a  set  of  measurements  are  shown  in  Table 
V  together  with  full-scale  CH-47  data  from  Figure  39  adjusted  to 
represent  skin  field. 

It  is  observed  from  this  Table  that  the  agreement  between  E  /V 

skin 

measured  in  the  Yuma  flight  teste  and  E/V  from  the  Configuration  #1 
model  measurements  is  good  for  Field  Meters  #2  and  #3.  The  agreement 
between  the  measurements  for  Field  Meter  #4  is  much  poorer.  This  stems 
from  he  awkward  location  of  #4  between  the  drive-shaft  tunnel  and  the 
edge  of  the  fuselage.  In  such  s  multiply-curved  location,  rapid  field 
variations  occur,  and  a  small  error  in  positioning  the  charge  transfer 
probe  in  the  laboratory  results  in  a  large  error  in  the  measured  field. 

Measurements  were  made  using  high  voltage  Configuration  #2  of 
Figure  48  in  an  effort  to  assess  the  influence  of  the  flight  test 
ground  lead  in  modifying  the  electrostatic  fields  about  the  helicopter. 

In  Configuration  #2,  the  high  voltage  lead  to  the  power  supply  was  a 
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Table  V 

Comparison  of  Electric  Fields  Measured  on  a  Model  and  on  a  Full-Scale  CH-47 


Field 

Meter 

Full  Scale 

Aircraft 

^skin 

V 

-1 

(m  ) 

Laboratory 

Model 

Config.  #1 

E 

V 

-1 

(m  ) 

Laboratory 

Model 

Config.  #2 

E 

V 

-1 

(m  ) 

1 

NOT  DETERMINED 

2 

0.307 

0.399 

0.423 

3 

0.096 

0.087 

0.094 

4 

0.044 

0.096 

0.084 

1 

NOT  DETERMINED 

2 

0.241 

0.357 

0.343 

3 

0.06 

0.077 

0.081 

4 

0.035 

0.079 

0.078 

#22  awg  wire  connected  to  a  rotor  blade  tip  and  dressed  upward  and  away 
from  the  helicopter  to  minimize  the  effects  of  its  presence.  Comparing 
the  results  of  Configuration  #1  and  #2  measurements,  in  Table  V  it  is 
evident  that  the  presence  of  the  heavy  coaxial  cable  leading  down  from 
the  aircraft  model  had  very  little  effect  on  the  electrostatic  field 
structure.  Since  the  OD  of  the  braid  on  the  EG  58/U  cable  is  0.15  inch, 
this  means  that  the  ground  cable  diameter  on  the  full-scale  aircraft 
could  have  been  48  x  0,15  =  7.2  inch  without  appreciably  affecting  the 
field  distribution  about  the  aircraft.  Actually  the  ground  lead  shown 
in  Figures  38  and  39  was  a  #20-gauge,  so  its  presence  could  not  have  had 
measurable  effect  on  the  aircraft  field  structure. 
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Appendix  I  t 

A  STATISTICAL  EXAMINATION  OF  THE  ELECTRIC  FI  Eli)  MEASURED  BY 
A  HELICOPTER  HOVERING  IN  A  DUSTY  ENVIRONMENT 

Since  the  random  nature  of  the  meaaured  electric  fielda  precludea 
definitive  atatementa  about  the  effects  of  field-mill  location,  sensor 
accuracy,  and  so  on,  based  on  the  instantaneous  values  of  the  fields, 
statistical  methods  are  ideally  suited  to  provide  estimates  of  the  most 
probable  values  of  field  (or  potential),  and  the  variance  and  standard 
deviation  of  the  fielda  or  potentials. 

By  using  statistical  Inference,  it  becomes  possible  to  arrive  at 
conclusions  about  the  parameters  of  an  infinite  population  based  on  the 
information  contained  in  samples. 

Fundamental  equations  in  statistical  methods11  are  the  first  and 
second  momenta,  or  the  mean  and  the  variance,  respectively. 

The  sample  mean  describes  the  "most  probable"  value  of  a  set  of 
data  and  is  given  by 

N 

x,  <«> 

i=l 

where  is  a  sample  from  the  population,  and  N  is  the  total  number  of 
samples. 

The  sample  variance  describes  the  "variability"  of  the  data  samples 
from  the  mean  value  and  is  given  by 

N 

2  1  V'  -  2 

0  ‘  iwl/  «.-«  <5> 

1-1 
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The  sample  standard  deviation  is  the  square  root  of  the  simple  variance 
and  is  denoted  as  0. 

If  the  sample  set  is  sufficiently  large  so  that  it  represents  an 
accurate  estimate  of  the  population,  and  if  the  population  has  data 
values  that  are  distributed  "normally",  the  mean  and  variance  completely 
describe  the  population.  If,  on  the  other  hand,  the  distribution  is 
not  normal,  the  population  can  only  be  analytically  described  by  calcu¬ 
lating  3rd,  4th,  5th,  or  higher-order  moments.  An  alternative  to  the 
n  -order-moments  method  is  to  use  the  frequency  distribtuion  in  its 
raw  form,  without  attempting  to  find  a  "typical"  analytical  description. 
The  probability-distribution  functions  found  in  this  way  might  be 
somewhat  non-physical  in  character,  in  that  they  might  have  discontinuous 
end  points  and  so  on,  but  it  was  felt  that  due  to  the  nonuniformity  of 
the  observed  distributions,  this  technique  would  be  appropriate  for 
estimating  indicated  error  probabilities  in  the  calculation  of  discharge 
energy. 

The  "correct"  selection  of  data  for  use  ip  this  analysis  is  quite 
important.  Statistical  methods  require  that  the  samples  be  chosen  in 
such  a  way  that  they  are  "unbiased" — that  is,  that  no  individual  sample 
in  the  population  be  chosen  or  rejected  on  the  basis  that  it  is  "more" 
or  "less"  typical  than  any  other  sample.  An  examination  of  the  time 
histories  of  the  measured  field  data  showed  that  a  great  deal  of 
care  had  to  be  exercised  in  selecting  the  data  to  be  sampled  if  it  was 
to  be  "unbiased"  yet  correctly  represent  the  desired  operating  config¬ 
uration.  Much  of  the  data  had  to  be  rejected  because  it  was  contaminated 
by  the  presence  of  dlssipator  ions  produced  by  a  dissipation  or  sensor- 
fidelity  test  underway  or  just  completed.  Other  data  were  rejected 
because  they  were  gathered  during  the  climb  portion  of  the  climb-to- 
hover  and  the  altitude  was  constantly  changing.  Similarly,  the  other 
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data  were  rejected  if  the  radar-altimeter  trace  on  the  oscillograph 
indicated  widely  varying  or  uncertain  altitudes. 

A  total  of  12  dust-hover  operations  were  examined  for  usable  data 
and  a  net  time  of  about  9  minutes  of  data  were  available  for  Field 
Meters  02,  03,  and  #4  at  the  50-ft  hover  altitude;  the  longest  continuous 
set  of  data  for  this  condition  was  about  4  min,  20  s,  and  the  rest 
of  the  time  the  data  samples  were  selected  from  six  other,  shorter 
continuous  data  groups.  The  Field  Meter  #1  data  at  25*ft  consisted  of 
a  total  of  about  1  min,  42  s  of  data,  of  which  the  longest  continuous 
set  was  41  s  in  duration.  Although  the  total  number  of  points  evaluated 
for  Field  Meter  01  was  considerably  smaller  than  the  total  number  of 
points  evaluated  for  Field  Meters  02,  03,  and  04,  it  was  deemed  adequate 
because  the  frequency  distributions  from  Field  Meters  02,  03,  and  04 
did  not  change  very  much  after  a  couple  of  minutes  of  data  had  been 
gathered.  (*  50  ft.  hover  altitude) 

Since  the  search  for  usable  data  was  such  a  time-consuming  process, 
the  25-ft-alti tude  data  were  limited  to  about  2  min,  20  a  for  Field 
Meters  01  and  02,  using  the  rationale  above. 

The  data  for  Field.  Meters  03  and  04  was  limited  to  about  1  min, 

18  s,  even  though  a  lower  confidence  level  had  to  be  placed  on  the 
sufficiency  of  the  samples  because  the  data  were  not  available.  The 
reason  for  this  was  that  during  the  Yuma  tests,  Field  Meters  #1  and  02 
were  deemed  more  important  that  03  and  04,  and  often  an  equipment  failure 
in  the  middle  of  a  hcver  operation  required  that  we  use  the  #3  or  #4 
field-mill  electronics  in  the  #1  or  02  position. 

In  all  the  cases  above,  the  data  samples  were  chose  at  l-s  intervals 
Figure  49  shows  a  typical  oscillograph  record  containing  the  raw  data, 
and  it  illustrates  some  of  the  selection  criteria  discussed  above. 
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FIELD  METER  #7  ZERO  REFERENCE 


FIELD  METER  =3 


FIELD  METER  *3  ZERO  REFERENCE 


FIELD  METER  =4 


FIELD  METER  #4  ZERO  REFERENCE 


GROUND-CURRENT  ZERO  REFERENCE 


RADAR  ALTIMETER 


RISE  TO  HOVER  AND 
—  POSITION  OVER  SITE 

FIELD-METER  DATA  NOT  USABLE  FOR  STATISTICAL  ANALYSIS 


SYNCHRONOUS-CLOCK  TIME  TICKS 


FIELD-METER  DATA  USABLE 
FOR  PURPOSES  OF  STATISTICAL  ANALV 
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NOTE.  Airborne  oscillograph  traces  not  shown  for  field-meter 
high-gai  ns,  static  traces,  and  patch  currents 


FIGURE  49  TYPICAL  OSCILLOGRAPH  RECORD  (raw  data) 
SHOWING  FIELD-METER  DATA,  GROUND 
CURRENT.  RADAR  ALTIMETER,  AND  CLOCK 
SIGNAL  AS  FUNCTIONS  OF  TIME 
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Since  the  ultlnate  goal  of  thla  atatiatical  analysis  was  to  estimate 
the  inferred  aircraft  potential  error  aa  it  relatea  to  the  calculation 
of  discharge  energy,  the  electric-field  values  read  from  the  raw  duat- 
hover  data  were  converted  to  potential  by  uaing  Figures  38  and  39  (see 
main  text),  and  a  computer  program  was  written  to  analyze  this  data. 

Frequency  distributions,  or  histograms,  were  plotted  for  all  of  the 
data  used,  and  Figure  50  illustrates  a  typical  electric-field  histogram 
generated  from  Field  Meter  #1  data  at  15  ft.  with  25  ft.  hover  alt. 


FIGURE  50  ELECTRIC-FIELD  HISTOGRAM  FOR  HELICOPTER  HOVER  OPERATION 
IN  DUSTY  ENVIRONMENT  —  FIELD  METER  #1,  H  -  28  ft,  h  -  IB  ft 

Horizontal  axis  shows  measured  electric  field  (in  kV/m)  end  the  vertical 
axis  shows  the  frequency  with  which  a  specified  electrle  field  was 
measured.  It  is  observed  from  this  figure  that  the  values  of  electric 
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field  are  not  shown  as  discrete  lines,  but  have  a  width  of  5  kV/m.  The 
selection  of  the  proper  sample  width  Is  somewhat  empirical.  It  should 
be  wide  enought  to  allow  a  "smooth"  distribution  function,  but  narrow 
enough  so  that  important  detail  is  not  overlooked.  The  sample  width 
of  5  kV/m  shown  in  this  figure  has  these  qualities,  and  a  5-kV/m  (field) 
or  5-kV  (potential)  sample  width  was  used  throughout  this  Appendix. 

The  electric-field  histogram  shown  in  Figure  50  was  converted 
to  a  potential  histogram  by  using  the  E/V  calibrations  shown  in  Figures 
38  and  39  and  this  is  shown  in  Figure  51.  Figures 

51  through  58  show  potential  histograms  based  on  the  sampled  field 
data  and  are  the  basis  for  the  discharge-energy  probabilities  reported 
in  TablelVof  the  main  text. 

Overdrawn  on  each  of  the  histograms  is  a  normal  curve  generated  by 
using  the  calculated  values  of  mean  and  standard  deviation  reported  in 
Table  III.  It  can  be  observed  from  these  figures  that 

a  normal  distribution  la  not  a  very  good  approximation  to  the  histograms 
shown,  and  that  an  integration  of  the  normal  curve  would  lead  to 
substantial  errors  in  the  inference  of  energy  probability. 

The  ground  current,  I  ,  was  recorded  on  the  oscillograph  as  a 

G 

function  of  time,  along  with  the  electric  fields  us  described  in  the 

text  and  illustrated  in  Figure  49.  Since  I  was  varying  with  time 

G 

along  with  the  electric  fields,  it  was  subjected  to  statistical  analysis 
in  a  mtnner  similar  to  that  done  for  the  electric  fields,  in  an  attempt 
to  use  the  ground-current  statistics  to  normalize  the  electric-field 
data.  Table  VI  shows  a  statistical  summary  of  the  ground-current  data 
and  Figures  59  and  60  show  the  ground  current  histograms  for  the 
25-ft  and  50-ft  hovers.  Examination  of  this  table  and  the  figures  shows 
that  the  means  and  dlstributlona  of  IQ  are  remarkably  similar  and  lllua- 
trate  clearly  the  phenomenon  observed  during  the  testing  at  Yumat  Large 
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FIGURE  52  POTENTIAL  HISTOGRAM  FOR  HELICOPTER  HOVER  OPERATION 
IN  DUSTY  ENVIRONMENT  —  FIELD  METER  #2,  H  -  25  ft 


Table  V  I 

STATISTICAL  SUMMARY  OF  OBSERVED  GROUND  CURRENT  DURING 
HELICOPTER  HOVER  OPERATIONS  IN  A  DUSTY  ENVIRONMENT 


Hover  Altitude 

N 

!g 

2 

c 

'o 

a 

l0 

(ft) 

(uA) 

2 

<uA> 

(uA) 

25 

142 

112.0 

5387.6 

73.4 

SO 

429 

112.4 

4173.2 

64.6 
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FIGURE  53  POTENTIAL  HISTOGRAM  FOR  HELICOPTER  HOVER  OPERATION 
IN  DUSTY  ENVIRONMENT  —  FIELD  METER  #3,  H  -  25  ft 
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FIGURE  54  POTENTIAL  HISTOGRAM  FOR  HELICOPTER  HOVER  OPERATION 
IN  DUSTY  ENVIRONMENT  —  FIELD  METER  #4,  H  -  28  ft 
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FIGURE  56  POTENTIAL  HISTOGRAM  FOR  HELICOPTER  HOVER  OPERATION 
IN  DUSTY  ENVIRONMENT  —  FIELD  METER  #2,  H  -  60  ft 
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FIGURE  59  GROUND-CURRENT  HISTOGRAM  FOR  HELICOPTER  HOVER  OPERATION 
IN  DUSTY  ENVIRONMENT  —  A/C  GROUNDED.  H  =  25  ft 
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FIGURE  60  GROUND-CURRENT  HISTOGRAM  FOR  HELICOPTER  HOVER  OPERATION 
IN  OUSTY  ENVIRONMENT  —  A/C  GROUNDED,  H  -  50  ft 
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I  's  (>  250  g,A)  were  observed  infrequently,  and  only  immediately  after 
G 

plowing  the  test  site,  but  moderate  (  =  150  j*A)  and  low  (  =  20  p,A)  I  ‘  s 

were  frequently  observed.  Very  seldom,  however,  were  I  's  of  between 

G 

40  and  80  piA  observed. 


In  order  to  present  the  potential  distribution  normalized  to  the 
mean  value  of  ground  current,  112  p,A,  a  plot  of  ground  current  vs. 
potential  was  examined  to  determine  if  there  was  any  correlation  between 
the  measured  currents  and  fields.  Figure  6f  shows  this  I-V  diagram 
for  Field  Meter  #2  at  the  50-ft  hover  altitude.  It  i3  seen  from  this 
figure  that  some  slight  positive  correlation  does  exist,  but  it  was 
felt  that  this  correlation  was  too  small  to  justify  weighting  the 
potential  histograms  to  normalize  them  to  a  constant  ground  current  of 
112  fxA. 


The  probability  of  a  specified  discharge  energy  was  then  calculated 
by  a  numerical  integration  of  the  potential  histograms  shown  earlier 
(Figures  51  to  58  and  the  results  are  reported  in  the  main  text 
(Table  |V  The  calculations  presented  assumed  a  helicopter  self¬ 
capacitance  of  2000  pF,  and  since  the  discharge  energy  is  directly 
proportional  to  capacitance,  Table  |V  can  be  used  to  obtain  a  probability 
for  any  other  capacitance  merely  by  scaling  the  energy  appropriately. 


Special  consideration  was  given  to  the  statistical  analysis  of  the 
error  voltage  and  discharge  energy  of  the  helicopter,  hovering  in  the  dust 
cloud,  with  the  simulated  cargo  hook  and  Field  Mill  #1  approximately  5  ft. 
over  the  ground.  Three  flights  (024,  025  and  027)  have  given  good  oscillo¬ 
graph  records  for  a  hovering  altitude  of  25  ft.  and  Sensor  altitude  of  5 
ft.  over  the  desert.  Table  VII  shows  the  test  results: 

TABLE  VII 

Charging  Current  and  Available  Record  Time 
for  H  ■  25  ft. ,  h  *  5  ft. 


Charging  Current 

Record  Time 

20  to  40  mlcroaup 

35 

seconds 

40  to  130  microamps 

38 

seconds 

125  to  300  microamps 

117 

seconds 

Out  of  the  above  record  time  (divided  into  1  second  intervals)  a  com¬ 
posite  histogram  was  prepared  which  shows  mean  error  of  11  K  volt  peaked 
around  10  KV.  Probability  of  errors  are  shown  in  Table  VIII: 


TABLE  VIII 


Energy  mJ 

Probability 

P  E  Discharge 

5 

0.96 

10 

0.93 

50 

0.79 

100 

0.60 

500 

0.15 

1000 

0.08 

For  discussion  of  the  physiologic  effects  of  the  above  energy  see 
Page  110  and  111.  The  data  contained  in  Table  VIII  showf  that  even  at  the 
lowest  practical  altitude  of  the  sensor  over  the  ground  sutface,  the  dis¬ 
charge  energy  will  be  unacceptable  for  a  significant  percentage  of  time. 
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There  are  no  good  data  available  for  a  hover  alti'.ude  of  50  ft.  and 
the  sensor  at  5  ft.  over  the  desert  due  to  the  fact  that  o  ft.  over  the 
desert  the  Field  Mill  Hi  was  in  the  densest  dust  cloud  and  accidentally 
contacted  the  ground  surface  several  times.  This  field  meter  had  many 
failures  which  make  evaluation  of  the  sensing  error  under  above  conditions 
unreliable  and  unavailable. 
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APPENDIX  II 


FLIGHT-TEST  EVALUATION  OF  HELICOPTER  CARGO-HANDLING  SYSTEMS 
_ PASSIVE  STATIC-ELECTRICITY  DRAINAGE _ 

ABSTRACT 

A  series  of  flight  tests  were  performed  to  investigate  the  critical 
components  of  a  passive,  grounding-line,  electrostatic-discharge  system. 
It  was  found  that  the  unexpectedly  low  contact  resistance  of  various 
surface  materials  (loose  sand,  hard-packed  desert,  asphalt,  and  con¬ 
crete)  allowed  residual  helicopter  potentials  of,  generally,  less  than 
5  kV  to  be  achieved. 

A  series  of  tests  designed  to  evaluate  the  physiological  response 
to  electrical  shock  showed  that  HLH  residual  potentials  of  less  than 
14  kV  could  be  considered  reasonable  design  goals,  and  that  these  could 
be  achieved  with  the  grounding-line  technique,  for  the  materials  tested. 
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I  INTRODUCTION 


For  many  years  it  has  been  known  that  when  an  aircraft  (fixed-  or 
rotary-wing)  operates  in  an  environment  containing  particulate  material 
(snow,  ice  crystals,  fog,  rain,  dust,  etc.),  there  is  a  high  probability 
that  the  aircraft  will  become  electrified  due  to  triboelectric  (i.e., 
frictional)  charging.  This  accumulation  of  charge  will  increase  the 
potential  of  the  aircraft  to  a  level  beyond  which  further  charging 
results  in  corona  discharges  from  various  parts  of  the  airframe  to  the 
surrounding  air.  The  electrical  characteristics  of  these  discharges 
are,  of  course,  dependent  on  the  air  pressure  in  the  vicinity  of  the 
corona  point  and  the  geometry  of  the  corona  source  region.  On  air¬ 
craft  not  equipped  with  special  discharging  devices,  the  corona  from 
the  airframe  generates  noise  that  can  interfere  with  radio  equipment. 
Also  on  a  normal  aircraft,  the  energy  released  in  the  discharge  that 
occurs  on  contact  with  the  ground  can  prematurely  detonate  explosive 
devices  or  ignite  flammable  materials. 

The  solution  to  this  problem  for  fixed-wing  aircraft  has  generally 
been  to  install  low-noise  active  or  passive  corona-discharge  devices 
that  also  lower  the  aircraft  potential  to  acceptable  levels.  These 
devices  utilize  a  nonrecirculating  discharge  system  in  which  the  rapid 
flow  of  air  over  the  aircraft  surfaces  is  used  to  carry  away  the  ions 
created  by  the  corona  discharge  to  maintain  a  low  potential  using  a  low- 
threshold  (hence,  low-energy)  device. 

With  increased  use  of  helicopters  in  cargo  operations  and  the 
Increasing  size  of  helicopters  the  hazards  encountered  by  cargo  handlers 
and  ground  personnel  become  acute,  since  the  capacitance  (and  hence  the 
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energy  released  on  discharge)  is  proportional  to  the  size  of  the 
hel icopter. 

The  size  of  presently  used  cargo  helicopters  has  already  caused 
some  problems  during  sling-load  operations  in  triboelectric  environ¬ 
ments.1  These  problems  include  personnel  being  knocked  off  their  feet 
by  electrical  shock  when  touching  the  cargo  hook,  and  other  miscellaneous 
complaints  of  hand  injuries  consisting  of  split  tips  and  edges  of  fin¬ 
gers  and  nails.  Obviously,  if  such  problems  can  be  caused  by  helicopters 
of  the  sizes  used  today,  much  larger  helicopters  such  as  the  Boeing  301 
HLH*  could  cause  grievous  problems  that  demand  solution. 

Early  in  1972,  SRI  and  Boeing  Vertol  undertook  a  study  to  deter¬ 
mine  the  feasibility  of  discharging  a  charged  helicopter  by  active 
means.2  The  main  thrust  of  this  study  was  to  ultimately  apply  an  active 
system  to  the  Boeing  301  HLH,  but  of  course,  it  would  have  applied  to 
any  large  helicopter. 

An  active  discharge  system  consists  of  an  aircraft-potential 
sensor  controlling  the  discharge  system,  which  utilizes  a  high-voltage 
bipolar  power  supply  to  provide  discharge  ions  to  lower  the  aircraft 

a  4 

potential.  SRI  experience  »  using  the  active  discharging  technique 
indicated  that  it  worked  well  for  fixed-wing  aircraft,  because  the 
discharge  ions  released  at  the  extremities  of  the  aircraft  are  carried 
away  by  the  slipstream  and  cannot  recirculate  back  to  the  aircraft  or 
linger  near  the  aircraft. 

The  1972  helicopter  discharge  investigation2  indicated  that  the 
active  system  worked  well  on  helicopters  in  a  charge-free  environment, 
but  when  it  was  operating  in  a  natural  triboelectric  environment  the 
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charged  (duat)  particles  swirling  beneath  the  hovering  helicopter  con¬ 
fused  the  aircraft-potential  sensing  system,  and  erroneous  potential 
Information  was  generated.  The  magnitude  of  this  erroneous  potential 
information  was  subjected  lo  statistical  analysis,  and  it  was  found 
that  very  dangerous  shocks  could  result  if  the  active  system  was  used 
during  conditions  of  moderate- to-high  (>60  pA)  charging  currents.  How¬ 
ever,  these  tests  and  previous  tests6 >e  did  indicate  that  satisfactory 
performance  of  an  active  discharge  system  is  possible  during  conditions 
of  low  and  very  low  triboelectric  charging. 

Since  it  was  determined  that  an  active  discharging  scheme  would 
not  work  satisfactorily  under  conditions  of  high  triboelectric  charging, 
a  passive  discharge  scheme  using  direct  earth  contact  was  proposed. 
Boeing-Vertol,  together  with  subcontractors,  set  out  to  devise  various 
techniques  for  using  the  passive,  direct-contact  approach. 

The  present  program  was  undertaken  to  evaluate  various  discharging 
schemes  under  actual  flight  conditions,  and  to  demonstrate  the  effec¬ 
tiveness  of  several  of  the  selected  techniques.  Additional  work  was 
done  to  obtain  information  about  the  magnitude  of  the  Radio  Frequency 
Intereference  (RFI)  produced  by  the  discharging  elements,  and  by  the 
helicopter  itself.  During  the  course  of  the  discharger  evaluations  it 
became  evident  that  pure  numbers  about  the  residual  voltage  (after  dis¬ 
charge)  on  the  cargo  would  be  meaningless  unless  one  could  relate  these 
voltages  (and  hence  discharge  energies)  to  physiological  responses  to 
moderate  energy  shocks  that  might  be  experienced  by  a  cargo  handler. 
Accordingly,  the  human  response  to  electrical  shock  was  investigated. 

Additional  electric  field  measurements  were  made  of  the  dust 
cloud  produced  by  the  hovering  helicopter.  These  data  were  uaed  to 
Investigate  some  of  the  physical  processes  tiat  occur  in  the  cloud  and 
it  also  served  to  help  tie  this  measurement  program  to  the  flight-test 
program  undertaken  previously.3 
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The  soil-resistance  measurements,  discharger  evaluations,  demon¬ 
strations,  RFI  tests,  and  shock-hazard  evaluations  presented  below  were 
conducted  at  Laguna  AAF,  Yuma  Proving  Ground  (YPG),  Yuma,  Arizona  during 
the  months  of  May  and  June  1973.  The  helicopter  used  for  the  flight 
tests  was  a  CH-47C,  S/N  15022,  provided  by  the  U.S.  Army  Aviation  Test 
Board,  Fort  Rucker,  Alabama. 
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II  INSTHUMENTATION 

The  instrumentation  required  to  accomplish  the  program  described 
above  can  be  divided  into  three  categories:  aircraft  system,  ground 
system,  and  discharger  system. 

A.  Aircraft  Instrumentation 

The  CH-47C  was  instrumented  to  provide  measured  quantities  or  air- 

— ♦ 

craft  surface  electric  field.  (E  ),  aircraft  potential,  (V  ), 

nose  aeft 

charging  current  (I  ),  discharge  line  current  (I  ),  and  RF  spectral 
chg  hook 

content.  The  configurations  used  during  the  program  varied  somewhat, 
depending  on  the  measurement  needs,  but  basically  two  configurations 
were  used  shown  In  Figures  62  A  63.  Figure  62  Illustrates  the 
configuration  used  during  tests  in  the  "clean"  area,  (a  large  concrete 
tie-down  pad),  and  Figure  63  illustrates  the  configuration  used  when 
tests  were  made  in  the  Phillips  Drop  Zone  (the  "dusty"  area — a  large 
expanse  of  heavily  plowed  sand) . 

It  can  be  seen  from  this  figure  that  the  principal  difference  be¬ 
tween  the  clean-  and  dirty-area  configurations  is  the  presence  of  a 
high-voltage  power  supply  that  was  used  only  during  the  clean  area  tests. 

This  supply,  a  Universal  Voltronics  BAL200-5.5-S  was  rated  at  1.1  kVA 
(200,000  V  at  5.5  mA)  and  was  used  to  simulate  natural  charging  effects 
during  operation  in  the  clean  area.  The  use  of  this  supply  allowed  a 
thorough  evaluation  of  candidate  discharging  elements  and  techniques  to 
be  made  over  nearly  all  anticipated  voltages,  currents,  and  surface 
conditions,  without  the  inconvenience  of  operating  the  helicopter  in  a 
natural  charging  environment. 
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FIGURE  62  GENERAL  AIRCRAFT  CONFIGURATION  USED  DURING  TESTS 


The  electric  field  meter,  mounted  on  the  far-forward  lower  fuse¬ 
lage  section,  measured  the  electric  field  strength  at  this  position  on 
the  skin.  When  used  in  the  clean  area,  the  nose  field  mill  served  as 
a  redundant  device  to  infer  aircraft  potential  from  the  measured  fields. 

When  it  was  used  during  dust  operations  (the  natural  triboelect ric  en¬ 
vironment),  the  mill  served  to  help  tie  the  data  gathered  during  these 
tests  to  those  gathered  during  previous  helicopter-in-dust  sorties.^ 

For  a  description  of  the  principle  of  operation  of  such  an  electric 
field  meter  the  reader  is  referred  to  an  earlier  SRI  report.3 

The  parallel-plate  infinite-impedance  voltmeter  illustrated  in  Figures 
62  4  63  consisted  of  a  field  meter  mounted  in  one  of  a  pair  of  parallel 
plates  spaced  37  cm.  (Each  plate  was  ringed  with  a  4-inch-diameter 
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toroid  to  prevent  corona  discharges  from  the  edges  of  the  plates.) 

Using  the  rule  of  thumb,  "one  megavolt  arcs  one  meter  in  air,"  this 
spacing  was  deemed  adequate  co  hold  off  the  anticipated  artificially 
and  naturally  produced  potentials  of  about  300,000  volts  or  so.  The 
separation  between  the  plates  was  maintained  by  four  teflon  rods  5  cm 
in  diameter.  In  order  to  ensure  that  the  voltmeter  was  indeed  "infinite 
impedance,"  periodic  leakage-current  tests  were  made  by  connecting  the 
high-voltage  supply  across  the  voltmeter  plates.  The  ratio  of  the  volt¬ 
age  applied  (200  kV)  to  the  measured  leakage  current  determined  the 

plate  resistance  due  to  leakage  current.  This  value  was  never  less  than 
10 

*>  2  x  10  ohms,  and  was  obtained  after  a  sortie  flown  in  a  heavy  dust 
cloud  that  covered  the  teflon  support  rods  with  a  very  sparse  coating 


FIGURE  63  GENERAL  AIRCRAFT  CONFIGURATION  USED  DURING  TESTS  (Concluded) 
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of  dust.  The  implications  of  this  measurement  are  that  the  "loading" 
of  the  parallel-plate  circuit  by  the  leakage  current  was  small  and 
would  not  affect  the  operation  of  the  voltmeter.  It  should  be  mentioned 
here  that  the  current  measured  was  indeed  leakage  current  and  not  corona 
current — a  fact  that  was  confirmed  by  attempting  to  detect  corona  noise 
with  the  use  of  the  RF  receiver.  In  order  to  establish  this  fact,  an 
antenna  was  rigged  near  the  parallel  plate  and  the  spectral  data  were 
observed  as  increasing  voltage  was  applied  between  the  plates.  No 
spectrum  changes  were  observed  over  the  full  voltage  range  of  the  power 
supply.  A  photograph  of  the  parallel-plate  toroidal  system  is  shown  in 
Figure  54  It  can  be  seen  in  this  photo  that  the  separation  between  the 
plates  is  comparable  to  the  dimension  of  a  plate.  The  parallel-plate 
area  in  comparison  with  the  distance  is  too  small  to  allow  the  assump¬ 
tion  of  a  uniform  field  between  the  plates.  The  uncertainty  regarding 
field  structure  was  overcome  by  calibrating  with  the  high-voltage  supply 
and  measuring  field-meter  output  in  terms  of  potential  applied  to  the 
infinite-impedance  voltmeter  as  discussed  below. 

Physically  attached  to  the  top  of  the  parallel-plate  voltmeter  was 

a  solenoid-driven  contactor.  This  mechanism,  which  was  housed  in  an 

oil  bath  and  was  corona-protected,  was  used  only  during  the  sorties 

flown  in  the  dust.  It  allowed  the  charging  current,  I  ,  to  be  mea- 

chg 

sured  by  the  test  operator  when  such  a  measurement  was  desired,  by 
grounding  the  helicopter  through  the  switch  and  microammeter. 

The  cargo-hook  current,  I  ,  was  determined  by  rigging  a  wire- 

hook 

carrying  nylon  rope  lowered  through  the  rescue  hatch.  The  simulated 
cargo  hook  was  electrically  connected  to  the  airframe  through  a  micro¬ 
ammeter.  This  technique  allowed  the  current  flowing  through  the  (simu¬ 
lated)  cargo-hook  line  to  be  separated  from  the  net  current  measured  by 
the  power  supply  or  by  the  charging-current  meter  circuit  located  atop 
the  parallel-plate  toroid. 
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FIGURE  64  PHOTOGRAPH  OF  PARALLEL-PLATE  INFINITE-IMPEDANCE  VOLTMETER 
SHOWING  CURRENT-MEASUREMENT  SYSTEM  ATOP  THE  PLATES 


The  RF  receiver  used  to  obtain  RFI  data  was  an  HP  8553  spectrum 
analyzer  ising  an  8552  IF  section  and  141T  display  section.  An  antenna 
was  built  and  attached  to  the  underside  of  the  helicopter. 

This  arrangement  allowed  a  measurement  and  comparison  of  the  RFI 
produced  by  the  helicopter  and  by  the  helicopter  plus  grounding-line 


100 


.  mMPMMHMNMM! 


element  to  be  made  for  various  aircraft  potentials;  this  is  fully  re¬ 
ported  in  the  text  below. 

Current-sensitive  instruments  (hook  current,  net  current,  and 
charging  current)  were  calibrated  daily  using  a  constant-current  source 
designed  for  this  task.  The  electric- i ield-s^nsi tive  instruments  (nose 
and  parallel-plate  field  meters)  were  calibrated  using  the  high-voltage 
power  supply  while  at  hover.  Although  a  calibrator  device  was  available 
to  use  on  these  meters,  the  anticipated  electric  fields  of  hundreds  of 
kV/m  were  far  greater  than  the  maximum  field  of  6  kV/m  available  from 
the  calibrator,  and  would  have  required  extrapolation.  Since  extrapo¬ 
lation  could  have  been  misleading  under  some  circumstances,  it  is  felt 
that  using  the  power  supply  as  a  calibration  tool  gave  much  more  accu¬ 
rate  results.  This  technique  allowed  the  parallel-plate  fields  to  be 
interpreted  directly  in  terms  of  potential.  The  nose  field  meter  was 
calibrated  in  a  similar  fashion  while  at  a  hover  altitude  of  25  ft. 

It  should  be  noted,  however,  that  prior  to  dust  sorties  the  nose  field 
mill  was  calibrated  in  terms  of  field  so  that  the  dust  measurements 
would  be  meaningful,  and  could  be  compared  to  the  data  obtained  by 
the  ground  array  of  field  meters. 

All  of  the  various  measured  quantities  discussed  above  were  re¬ 
corded  on  a  CEC-5-119  oscillograph  so  that  permanent  data  records  would 
be  obtained. 

B.  Ground  System 

A  ground  array  of  electric  field  meters  was  deployed  beneath  the 
helicopter  during  many  of  the  dust  sorties  to  obtain  information  about 
the  electrification  processes  occurring  within  the  dust  cloud.  Based 
on  photographs  taken  during  the  previous  flight  test,2  it  was  known 
that  the  dust  cloud  stirred  up  by  the  helicopter  was  similar  in  shape 
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to  an  oblate  spheroid  with  a  radius  of,  perhaps,  300  to  500  ft  and  a 
height  of  about  100  to  200  ft.  This  information  together  with  the  dust- 
cloud  electrification  data  obtained  previously  led  to  the  deployment  of 
the  ground  array  as  illustrated  in  Figure  65  This  arrangement  allowed 
data  to  be  sampled  from  various  parts  of  the  cloud  to  obtain  the  most 
data  from  a  limited  number  of  sensors. 


FIGURE  65  GROUND  INSTRUMENTATION  USED  DURING  SORTIES  INTO  PHILLIPS  DROP  ZONE 
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The  ground  field  meters  were  similar  to  the  one  used  on  the  air¬ 
craft,  and  except  for  differences  in  gain,  were  identical  to  each  other. 
The  gain  of  each  field  meter  was  adjusted  according  to  the  anticipated 
electric  fields  based  on  previous  measurements.  Since  the  dust  cloud 
becomes  less  dense  the  further  one  moves  from  the  source  region,  the 
electric  fields  produced  by  the  charged  dust  particles  will  similarly 
decrease.  The  gain  of  each  field  meter  was  therefore  adjusted  to  com¬ 
pensate  for  the  anticipated  field  fall-off  to  allow  good  resolution  of 
the  fields. 

Pre-  and  post-flight  calibrations  of  the  field  meters  were  made 
every  time  the  ground  array  was  used,  and  were  performed  by  using  the 
field  calibrator  unit  described  above.  All  the  ground  field-meter  data 
were  recorded  on  a  CEC  5-119  recorder  located  on  the  ground  and  synchro¬ 
nized  with  the  airborne  recording  system  via  a  pair  of  quartz  clocks, 
one  located  in  the  helicopter  and  the  other  on  the  ground. 

C.  Discharger  System 

The  Boeing  Company  obtained  various  "sets"  of  discharging  elements 
through  a  subcontractor,  The  Truax  Company.  Each  "set"  consisted  of 
interchangeable  components  and,  when  connected  together,  formed  a 
specific  discharge  "system."  The  components  consisted  of  a  damage- 
resistant  link,  a  current-limiting  resistor,  a  weighting  element,  and 
a  termination  device.  The  design  intent  of  these  "grounding  lines"  was 
to  attach  them  to  the  cargo  hook  and  use  them  to  discharge  the  helicopter 
to  acceptable  potential  levels  through  earth  contact  prior  to  the  hand¬ 
ling  of  the  cargo  hook  by  cargo  handlers. 

An  additional  type  of  discharger  evaluated  was  the  "grounding  pole," 
a  shepherds-hook  arrangement  whereby  the  cargo  handler  could  contact  the 
hook  or  cargo  and  discharge  the  helicopter  through  a  line  resting  on  the 
earth's  surface. 


109 


At  described  above,  the  purpose  of  these  flight  tests  was  to  demon¬ 
strate  that  the  discharger  designs  and  techniques  were  workable  and  to 
evaluate  the  designs  and  recommend  a  preferable  design,  if  any.  The 
preliminary  design  idea  <vas  to  use  the  "grounding  line"  for  unprepared 
site  operations  and  the  "grounding  pole"  over  prepared  sites.  A  typical 
grounding  line  and  grounding  pole  scheme  that  was  evaluated  is  shown  in 
Figure  66 

The  damage-resistant  link  was  a  flexible  piece  of  1/4-inch  steel 
cable,  21  inches  long,  and  covered  with  an  abrasion-resistant  plastic 
sleeve.  The  purpose  of  thir  link  was  to  absorb  most  of  the  wear  and 
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FIGURE  66  PHOTOGRAPH  SHOWING  TYPICAL  GROUND  POLE  AND  GROUND  LINE 
USED  OURING  THE  DISCHARGING  TESTS 
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tear  due  to  inadvertent  ground  contact  of  the  cargo  hook  and  to  provide 
an  electrical  connection  between  the  hook  and  the  rest  of  the  assembly. 

The  flexible  resistor  was  a  5-ft  length  of  1/4-inch  nylon  rope 
covered  with  a  carbon-impregnated  polyui etheyne  coating.  The  purpose 
of  this  resistor  (which,  for  evaluation  purposes,  came  in  values  of 
15  Mfl  ,  20  Mfi,  and  37  MO)  was  to  act  as  a  current-limiter  in  case  the 
handler  accidentally  touched  it  before  the  weighting  element  and  ter¬ 
mination  touched  the  ground.  The  values  of  resistance  chosen  for  this 
resistor  were  obviously  a  compromise.  The  resistance  had  to  be  chosen 
high  enough  so  that  in  the  case  of  accidental  contact  the  cargo  handler 
would  not  be  severely  shocked,  yet  low  enough  so  that  the  helicopter 
could  be  discharged  to  an  acceptably  low  potential  after  ground  contact. 


* 
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The  weighting  element  was  a  2-ft-long  section  of  steel  chain.  Its 
function  was  to  add  enough  mass  to  the  end  of  the  grounding  lino  so 
liiai.  n  wouia  not  whip  around  m  the  rotor-wash  of  the  hovering  aircraft. 
The  chains  supplied  by  the  Truax  Company  were  available  in  five  differ¬ 
ent  weights:  0.42,  0.75,  2.5,  6.2  and  10  lbs/it.  Practical  consider¬ 
ations  described  below  limited  the  evaluation  to  the  lightest  three 
chains  because  the  others  were  too  heavy.  An  additional  type  of  "weight¬ 
ing  element"  evaluated  was  a  3-ft-long,  1-M0  flexible  resistor.  The 
basic  design  of  this  resistor  was  similar  to  that  of  the  resistors  de¬ 
scribed  above  except  that  fine,  short  steel  wires  protruded  through  t  he 
resistor  about  every  inch  along  its  surface  to  act  as  a  corona  dis¬ 
charger  and  ground-contact  element.  This  element  was  referred  to  as  a 
"spiked  resistor"  and  is  described  later  in  the  text. 

The  terminations  that  were  evaluated  were  a  corona  brush,  an  air¬ 
craft  P-static  wick  discharger,  a  10-inch-diamcter  corona-suppressing 
ball,  and  no  termination  (i.e.,  the  chain-end  only).  The  purpose  of 


the  termination  was  threefold:  To  provide  a  precontact  method  of  re¬ 
ducing  the-  helicopter  potential  through  corona  discharge;  to  provide 
a  mechanism  for  breaking  through  the  soil's  surface  crust  to  obtain  a 
lower  resistance;  and  to  ensure  that  the  termination  end,  if  accidentally 
touchod,  would  not  injure  the  handler. 

The  three  systems  described  above  were  used  in  various  ways  at 
different  times,  depending  on  the  measurement  needs,  to  perform  the 
program  described  below. 
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III  CONTACT  RESISTANCE  OF  SOII. 

In  order  that  the  grounding-line,  grounding-pole,  and  shock-measurement 
programs  conducted  at  YPG  have  a  more  universal  basis  for  comparison  with 
other  similar  programs,  an  extensive  scries  of  contact  resistance  measure¬ 
ments  were  made. 

The  materials  subjected  to  these  tests  included  concrete,  asphalt, 
rocks,  hard-packed  dry  desert,  and  loosely-plowed  desert.  It  was  felt 
that  these  surface  materials  were  typical  of  the  kinds  of  materials 
likely  to  be  encountered  during  normal  flight  operations.  Also,  because 
of  the  arid  desert  conditions,  the  resistance  values  obtained  would  bo 
"worst-case"  values  and  place  an  upper  bound  on  the  possible  range  of 
contact  resistance  expected  from  surface  materials  of  these  types. 

The  resistance  measurements  were  performed  by  connecting  the  high- 
voltage  power  supply  between  a  "good"  ground  (a  tie-down/grounding  stake) 
and  a  2-ft  section  of  chain  at  the  end  of  a  long  piece  of  RG-58/U  cable. 

The  chain  was  then  arbitrarily  dropped  onto  the  candidate  surface  about 
40  ft  away  from  the  ground  rod  and  the  measurements  were  made.  This 
process  was  repeated  several  times  on  the  same  surface  to  ensure  that 
representative  data  were  obtained.  Figure 67  illustrates  schematically 
the  technique  used  to  obtain  the  resistance  data. 

The  power-supply  voltage  was  varied  and  the  voltage,  V  ,  and  power 

ps 

supply  current,  I  ,  were  recorded.  Resistance  data  were  then  obtained 
ps 

as  the  ratio  of  V  to  I  ,  and  are  shown  plotted  in  Figure68as  a  func- 
ps  ps 

tiou  of  applied  voltage  for  the  various  surfaces.  These  data  were  some¬ 
what  of  a  surprise  because  of  the  nonlinear  behavior  of  the  resistance 
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FIGURE  67  SCHEMATIC  REPRESENTATION  OF  TECHNIQUE  USED  TO  OBTAIN 
SURFACE-MATERIAL  RESISTANCE  DATA 

with  voltage.  The  low-voltage  resistance  data  obtained  for  the  concrete 
and  soft  desert,  however,  agreed  well  with  resistance  data  reported 
earlier.3 

The  nonlinear  behavior  show!  in  the  figure,  apparently  stems  from 
the  incremental  breakdown  of  Insulating  coatings  on  the  constituent 
particles.  The  resistance,  at  a  given  voltage,  for  a  given  material 
is  a  measure  of  the  strength  of  this  insulation. 

The  exceptionally  low  values  of  resistance  obtained  from  measure¬ 
ment!!  in  the  dusty  area  probably  indicate  that  a  moist  substratum  of 
sand  lay  beneath  the  surface,  and  evaporation  of  this  moisture  was  pre¬ 
vented  by  the  fine  silt-like  sand  on  the  surface. 

The  data  shown  in  the  figure  for  hard  desert  and  asphalt  are  trun¬ 
cated  at  10  kV  and  15  kV,  respectively.  The  reason  for  this  was  that 
for  higher  potentials  the  candidate  material  broke  down  eloctrically. 

The  data  shown  for  the  resistance  of  rocks  terminates  at  45  kV  because 
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FIGURE  66  RESISTANCE  AS  A  FUNCTION  OF  VOLTAGE  FOR  VARIOUS  SURFACE 
MATERIALS 
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above  this  value  the  power-supply-current  limit  was  reached  and  further 
increase  in  voltaic  was  not  pot  ihlo.  At  45  UV,  however,  the  rocks 
showed  no  evidence  of  an  impending  large-scale  breakdown  to  reduce  the 
contact  resistance  below  10  Mfl. 

The  implications  of  these  data  arc  that  grounding  techniques  involv¬ 
ing,  say,  macadam,  will  not  Ik*  as  effective  as  grounding  to  concrete  or 
the  hard  desert,  as  long  as  the  breakdown  potential  is  not  exceeded. 

When  the  breakdown  potentials  of  the  materials  are  reached,  however, 
the  grounding  techniques  should  all  be  essentially  equivalent  in  terms 
of  residual  potential  on  the  aircraft. 

This  proved  to  be  generally  true  as  described  in  the  text  below, 
except  that  the  asphalt  proved  to  be  an  inferior  conductor  as  compared 
to  desert  or  concrete  for  all  Initial  helicopter  potentials.  It  is 
believed  that  the  reason  for  this  is  that  the  movement  of  the  helicopter 
and  the  rotor-wash  kept  moving  the  grounding  element  after  initial  con¬ 
tact  was  maue,  preventing  me  current  How  along  tne  original  contact 
path. 

It  should  be  mentioned  here  that,  during  the  dirt  measurements, 
only  the  desert  near  YPG  was  subjected  to  these  tests.  Since  this  soil 
is  typically  arid  bu*  fertile  it  is  possible  that  less  arable  soil  such 
aa  silica-based  sand  might  lead  to  much  higher  values  of  contact  resis¬ 
tance  with  a  resulting  increase  in  residual  aircraft  potential. 
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IV  FLIGHT  EVALUATION  OF  CANDIDATE  DISCHARGING  DEVICES 


As  described  earlier,  two  basic  discharging  techniques  were  to  be 
used:  (1)  In  prepared  site  areas,  where  generally  uniform  surfaces 

would  be  available,  a  grounding  pole  (very  similar  to  a  shepherds  hook) 
or  a  grounding  line  would  bo  used;  and  (2)  at  unprepared  sites,  a  ground¬ 
ing  line  would  be  used.  The  grounding-line  concept  would  rely  on  a 
line,  free-hanging  from  the  cargo  hook  to  touch  the  ground  and  thus  re¬ 
duce  the  helicopter  potential.  The  grounding  pole,  however,  required 
at  least  one  person  on  the  ground  to  touch  the  cargo,  or  cargo  hook, 
with  the  shepherds  hook,  and  to  hook-up  or  otherwise  manipulate  the 
cargo. 

The  grounding  devices  were  thoroughly  evaluated  over  the  range  of 
voltages  and  surface  types  appropriate  to  their  anticipated  use. 

A .  Grounding  Pole 

The  grounding  pole  was  evaluated  over  a  dry  concrete  surface. 

The  measurement  technique  was  to  raise  the  aircraft  potential  to  the 
desired  level  using  the  power  supply;  then  to  touch  the  simulated  cargo 
hook  (a  10-kg  aluminum  block)  with  the  pole  The  residual  potential  on 
the  aircraft  could  then  be  determined  by  measuring  the  voltage  between 
the  plates  of  the  parallel-plate  voltmeter.  A  matrix  of  the  grounding- 
pole  test  permutations  is  shown  in  Figure  69. 

The  results  obtained  by  using  the  grounding  pole  over  dry  concrete 
are  shown  in  Table  1.  When  R  ,  the  current-limiting  resistor,  and  the 
power-supply  voltage  were  changed,  the  charging  current  could  be  varied 
over  a  wide  range.  It  is  seen  from  the  figure  that  the  hook  current 
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DIRECT  LINK 
(ihortad  minor) 


LIGHT  CHAIN 
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FIGURE  69  TEXT  MATRIX  SHOWING  PERMUTATIONS  OF  TECHNIQUES  USED  TO 
EVALUATE  PERFORMANCE  OF  THE  GROUNDING  POLE 

(the  charging  current  if  a  perfect  earthing  was  made)  varied  from  138  pA 
to  590  pA,  and  that  the  residual  aircraft  potential,  over  this  range  of 
current,  generally  stayed  less  than  10  kV,  even  for  initial  potentials 
as  high  as  175  kV.  The  residual  potential  is  the  key  number  in  describ¬ 
ing  the  capability  of  a  given  discharge  system. 

These  tests  indicated  that  the  grounding-pole  technique  was  a  viable 
design  and  could  be  used  satisfactorily  in  any  of  the  configurations 
tested,  although  the  heavier  chain  (contact  element)  did  give  slightly 
better  results.  A  marginal  improvement  was  also  obtained  when  the 
grounding-pole  handler  stepped  on  the  chain  to  increase  the  contact 
pressure,  although  the  overall  decrease  in  residual  voltage  would  prob¬ 
ably  not  warrant  mandatory  use  of  this  technique. 


B.  Grounding  Line 

The  various  grounding-1’  nc  elements  were  thoroughly  evaluated  over 
their  range  of  anticipated  use.  A  matrix  of  the  various  test  configura¬ 
tions  and  conditions  is  shown  in  Figure  70.  Evaluations  performed  over 
concrete,  macadam,  and  hard  desert  indicated  that  all  of  tho  grounding¬ 
line  "systems"  were  of  about  equal  effectiveness  after  earth  contact 
was  established. 
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SURFACES:  MACADAM  Uiphalt)  CONDITIONS:  WET 

CONCRETE  DRY 

HARO  DESERT 

FIGURE  70  MATRIX  OF  CONFIGURATIONS  AND  CONDITIONS  USED  TO  EVALUATE 
EFFECTIVENESS  OF  GROUNDING-LINE  TECHNIQUES 

A  serious  drawback  of  the  light  or  unweighted  elements  was  revealed 
during  these  tests.  The  element,  hanging  from  the  simulated  cargo  hook 
was  blown  about  severely  by  the  rotor-wash  both  in  the  air,  before 
ground  contact,  and  or  the  ground,  after  contact.  The  effects  of  this 
were  that  a  good  ground  could  not  be  maintained  when  using  the  "spiked- 
resistor"  or  lightweight  chains  as  grounding  elements.  The  severity  of 
this  movement  was  such  that  it  was  likely  that,  had  there  been  a  cargo 
handler  beneath  the  helicopter,  he  could  havo  been  injured  due  to  the 
whipping  motion  of  the  contact  elements. 

The  results  obtained  above  indicated  that  the  best  (simplest  and 
most  effective)  discharge  clement  was  just  a  moderately  heavy  chain 
hanging  from  the  cargo  hook,  without  termination  or  resistor.  This 
configuration  was  used  to  examine  the  effects  of  different  surfaces  and 
surface  conditions  on  the  discharge  "system"  capabilities.  The  results 
of  these  measurements  arc  shown  in  Table  X  for  a  clean  environment, 
with  artificial  charging  being  produced  by  the  power  supply,  Tho  "dry" 
surface  was  tho  unperturbed  state  of  the  material  to  be  used  for  tho 
taat,  and  a  "wet"  surface  was  obtained  by  pouring  10  gallons  of  water 
over  the  surfkco  to  make  a  very  large  puddle  that  was  further  dispersed 
by  the  down-wash  from  the  rotor  blade. 
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It  can  be  seen  from  this  figure  that  the  dry  macadam  surface  was 
the  only  material  that  allowed  the  aircraft  potential  to  remain  above 
10  kV,  which  is  in  good  agreement  with  the  expected  values  based  on  the 
resistance  measurements  made  earlier  (see  Figure®).  It  can  also  bo 
observed  that  all  wet  surfaces  maintained  the  residual  potential  at  0 
volts  for  all  initial  (ungrounded)  potentials. 

The  data  in  Table  X  indicate  that  the  grounding-line  technique 
seemed  to  work  quite  well  (with  the  exception  noted)  for  all  of  the  dif¬ 
ferent  configurations  evaluated  in  the  artificial  charging  environment. 

Subsequent  to  these  findings  it  was  of  interest  to  determine  whether 

the  same  results  could  be  obtained  in  the  natural  triboelectric-charging 

environment.  A  scries  of  measurements  were  conducted  in  the  Phillips 

Drop  Zone  to  evaluate  the  various  grounding-line  techniques  described 

above.  Blowing  dust  offers  a  satisfactory  medium  in  which  to  study  the 

general  triboelectric  charging  process;  it  is  readily  available,  and  it 

offers  reasonably  repeatable  test  conditions.  SRI  and  others5?8  have 

previously  used  dust  to  good  advantage  for  this  purpose,  but  of  course 

it  will  not  substitute  for  all  triboelectric  environments.  For  example, 

dust  may  not  suitably  simulate  all  aspects  of  frictional  charging  by 

dry  snow.  A  summary  of  results  of  the  grounding  measurements  in  the 

dust  environment  is  presented  in  Table  XI .The  data  presented  in  this 

table  are  averages  of  the  data  taker,  during  the  evaluation  of  a  given 

configuration,  to  avoid  overwhelming  the  reader  with  individual  data 

points  and  evaluations.  The  overbar  (— )  indicates  that  an  average  was 

taken,  1  is  the  net  charging  current  to  the  aircraft  due  to  the  dust 
chg 

cloud.  T  is  the  current  flowing  in  the  simulated  cargo-hook  line 
hook 

after  ground  contact  was  made,  V  is  the  helicopter  potential  measured 

&CI  l 

prior  to  the  ground  contact  by  the  discharging  element,  and  V  is 

resld 

the  residual  aircraft  potential  after  earth  contact  by  the  grounding 

element.  The  disparity  between  I  and  I  stems  from  tho  fact  that 

chg  hook 
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Table  X  I 

SUMMARY  OF  NATURAL  TRIROKLECTRIC-ENY I RONMENT  GROUNDING 

MKASU  HEMLNT S 

(Discharging  Element  Dropped  into  Dry,  Plowed  Desert) 


Grounding-Line  "System" 

1  clip 

(^V) 

*  hook 
(pA) 

Vacf  t 
(kV) 

V 

res  id 
(kV) 

14-MO  resistor,  light  chain, 

A/C  discharger 

90 

79 

55 

1.) 

14-Mfl  resistor,  heavy  chain, 
corona  brush 

70 

31 

70 

2.6 

14-MO  resistor,  spiked 
resistor,  10-inch-diameter  ball 

135 

125 

85 

00 

Heavy  chain,  corona  brush 

133 

128 

78 

0 

Light  chain,  A/C  discharger 

110 

106 

67 

0.2 

Spiked  resistor,-  10-inch-diameter 
ball 

150 

140 

98 

1.5 

Heavy  chain 

180 

180 

98 

0.9 

these  two  measurements  were  not  made  at  the  same  time.  Since  tin  charg¬ 
ing  current  was  not  steady,  the  difference  between  I  and  I  is 

chg  hook 

indicative  of  the  variability  of  the  charging  current. 

It  is  observed  from  this  table  that  all  of  the  residual  aircraft 
potentials  are  less  then  5  kV,  and  that  residual  potentials  obtained 
when  a  chain  element  was  ».sed  for  grounding  arc  much  less  than  5  kV. 

A  problem  encountered  here  and  throughout  the  rest  of  the  program 
was  th it  the  flexible  resistor  increased  in  value  by  as  much  as  a  fac¬ 
tor  of  four,  apparently  due  to  the  stress  placed  on  it  by  the  weight 
of  the  chain  and  the  bending  of  the  resistor  caused  by  its  movement 
beneath  the  helicopter.  This  was  measured  and  is  illustrated  by  com¬ 
paring'  the  data  with  and  without  the  "14-Mfl"  resistor.  The  residual 
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voltage  with  the  resistor  is  much  higher  than  would  bo  expected  by 
calculating  the  IR  drop  of  the  resistor  and  adding  it  to  the  residual 
potential  obtained  without  the  resistor. 

The  chnrging  current  obtained  during  those  measurements  was  only 
moderate  in  comparison  with  the  anticipated  charging  current  of  600  pA 
on  the  HLH.  However,  since  these  data  agree  welx  with  the  artificial¬ 
charging  measurements  reported  earlier,  and  with  the  expected  residual 
potential  valuer  based  on  the  soil-resistance  data,  the  authors  believe 
that  these  data  could  successfully  be  extrapolated  to  higher  aircraft 
potentials  and  charging  currents  without  difficulty. 

The  charging  current  produced  by  the  dust  cloud  and  the  resultant 
helicoptei  potential  were  routinely  measured  during  operations  at 
Phillips  Drop  Zone.  A  plot  of  these  measured  data  is  shown  in  Figure  71. 
A  "least  squares"  curve  through  the  data  points  shows  that  the  heli¬ 
copter  potential  increases  almost  linearly  with  charging  current  to 
about  80  kV.  and  then  beeins  to  curve.  Extrapolation  shows  this  curve 
asymptotically  approaching  160  to  180  kV  for  very  large  charging  currents. 
Since  the  potential-versus-current  data  obtained  in  the  dust  were  unlike 
the  data  taken  in  the  artificial  environment,  appropriate  checks  were 
made  to  be  sure  that  the  differences  were  not  due  to  instrument  or 
measurement  error.  No  such  errors  were  found.  Previous  experience7 
indicated  that  high  potentials  were  generated  by  charging  currents  as 
low  as  10  pA.  The  data  of  Ref.  7,  however,  were  obtained  using  a  CH-54 
teat  vohlcle.  Since  the  discharge  characteristics  of  a  helicopter  de¬ 
pend  on  details  of  blade  design  (which  affects  corona  threshold)  and  on 
engine  exhaust  characteristics  (which  affect  discharge  through  the  con¬ 
ductivity  of  the  exhaust),  one  should  not  expect  data  obtained  on  one 
aircraft  to  apply  in  all  details  to  another  helicopter  type.  SRI's 
experience  with  CH-47s  in  a  clean  environment  indicates  that  the  thres¬ 
hold  of  measurable  corona  current  la  approximately  78  kV,  and  that  in 
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FIGURE  7  *  COMPARISON  OF  CH-47  AND  CH-54  HELICOPTER  POTENTIAL  VERSUS 
CHARGING  CURRENT 

Data  points  obtained  from  CH-47  sorties  flown  in  natural  charging 
environment. 

order  to  maintain  a  helicopter  voltage  of  200  kV  the  helicopter  had  to 
be  charged  at  a  rate  of  about  100  to  150  pA.  This  is  different  from 
the  CH-54  data  by  about  a  factor  of  two  or  so,  and  can  be  explained  by 
considering  the  blade  design.  The  CH-54  blade  utilizes  a  continuous 
aluminum  sheet  around  the  trailing  edge  and  an  aluminum  tip  cap.  The 
CH-47,  on  the  other  hand,  has  a  rectangular  trailing  edge,  and  a  square 
tip  (i.e.,  the  tip  is  a  truncated  airfoil).  Since  the  corona  discharges 
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will  begin  in  these  high  field  regions,  it  is  clear  that  the  CH-47  could 
easily  have  a  corona  threshold  factor  of  two  or  so  lower  than  the  CH-54, 
minimizing  the  obsorved  I-versus-V  differences. 

The  differences  observed  between  aircraft  potential  measured  in 
the  natural  charging  environments  cannot  be  fully  explained,  because  of 
insufficient  knowledge  about  the  electrified  dust  cloud  and  its  contri¬ 
bution  in  changing  the  air  resistance  between  the  helicopter  and  ground. 
It  can  be  seen  from  Figure  7  I  that  the  change  in  effective  space  resis¬ 
tance  between  the  50-pA  and  300-pA  charging  currents  is  about  a  factor 
9  8 

of  two  (from  10  0  at  SO  pA  to  5  X  10  0  at  300  pA) .  This  is  a  small 
change,  achievable  if  sufficient  conduction  ions  are  present  in  the 
electrified  dust  cloud. 

Further  insight  into  the  reasons  for  the  observed  difference  be¬ 
tween  the  CH-47  helicopter  discharge  characteristics  in  the  clean  en¬ 
vironment  and  in  the  dust  environment  may  be  gained  by  consideration 
of  the  results  of  CH-S4  experiments  of  Ref.  7.  There  it  was  found  that 
the  addition  of  five  passive  dischargers  per  blade  on  the  CH-54  greatly 
reduced  the  aircraft  potential  required  to  discharge  a  given  current, 
and  made  the  discharge  characteristic  nonlinear  at  low  charging  rates. 
Oats  from  the  discharger-equipped  CH-54  have  been  plotted  in  Figure  7  I 
for  comparison.  It  is  evident  that  the  discharging  characteristic  of 
the  discharger-equipped  CH-54  is  quite  similar  to  that  of  the  CH-47 
operating  in  the  dusty  environment.  This  comparison  of  the  CH-47  and 
CH-54  data  appears  to  indicate  that  the  presence  of  the  dust  cloud  has 
the  offect  of  reducing  the  aircraft  voltage  needed  to  discharge  a  given 
current  to  the  same  degree  as  would  the  addition  of  a  set  of  low-corona- 
threshold  dischargers. 

A  possible  explanation  for  the  observed  modification  of  helicopter 
discharge  oharaeterl sties  by  the  dust  cloud  follows  from  the  observation 
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that  the  dust  cloud  Is  highly  charged  and  that  it  is  composed  of  very 
small  dust  particles.  A  microscopic  examination  of  the  dust  blown  up 
from  Phillips  Drop  Zone  showed  that  the  particles  range  in  radius  from 
0.0001  inch  to  about  0.010  inch  with  the  greatest  number  of  them  appear¬ 
ing  in  the  0.001-inch  to  0.002-inch  range.  The  particles  were  of  random 
shape,  some  with  sharp,  irregular  projections,  and  others  with  smoother 
but  well  defined  edges. 

Since  the  cloud's  conductivity  is  a  function  of  the  number  of  free 
ions  between  the  helicopter  and  ground,  a  simple  argument  can  be  made 
that  supports  the  view  that  the  dust  cloud  is  weakly  ionized,  and  may 
contain  enough  conduction  (high-mobility)  ions  to  maintain  the  potential 
at  a  value  below  that  achievable  when  no,  or  little,  dust  is  present. 

It  is  well  known  that  the  maximum  potential  to  which  a  sphere  may 
be  raised  is  equal  to  the  radius  of  the  sphere  times  the  electrical 
breakdown  field— that  is. 


V  =  a  E 
max  max 


(6) 


-»  6 

In  air,  E  is  about  3  y  10  V/m.  If  one  assumes  that  the  dust 

max 

particles  are  spherical,  a  calculation  of  their  maximum  potential  may 

be  made.  (Actually,  as  particle  size  begins  to  approach  the  mean  free 

-»  6 

path  for  air  molecules,  E  increases  above  3  y  10  V/m.  For  the 

max 

range  of  particle  sizes  considered  here,  however,  the  increase  is  a  fac¬ 
tor  of  only  two  or  so,  and  the  simpler  argument  o *  a  constant  value  of 

E  will  be  used.)  The  capacitance  of  the  sphere  can  be  calculated 
max 

and  an  estimate  of  the  maximum  charge  on  the  sphere  can  be  obtained. 

These  values  were  tabulated  for  the  range  of  particle  sizes  observed 
in  the  Yuma  dust  and  are  shown  in  Table  XII.  Flight-test  measurements  of 
the  charge  acquired  by  individual  cirrus-cloud  crystals  (100  to  200 
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Table  XI  I 

TABULATION  OF  PARTICLE  POTENTIAL,  CAPACITY,  AND 
MAXIMUM  STABLE  CHARGE  ASSUMING  A  SPHERICAL  SHAPE 


Radius 

v 

*max 

Volts 

C 

Farads 

Q 

Coulombs 

Inch 

Meters 

0.001 

2.54  x  10"5 

76 

2.8  x  10"15 

2.13  x  10"13 

0.005 

1.27  x  10"4 

381 

1.4  x  10“14 

5.33  x  10"12 

0.010 

2.54  x  10"4 

762 

2.8  x  10~14 

2.13  X  10"11 

microns  in  diameter)  indicate  that  they  acquire  charges  of  the  order 

-11  .  0 

of  10  coulomb.  >  Thus  it  is  very  likely  that  dust  particles  will 
also  acquire  charge  considerably  in  excess  of  the  maximum  stable  level. 
Charges  in  excess  of  the  stable  level  can  be  acquired  because  for  the 
small  particles  under  consideration,  breakdown  of  the  air  cannot  occur 
immediately.  (An  electron  must  be  present  in  the  immediate  vicinity  of 
the  particle  in  order  to  start  the  breakdown  process.  As  the  particle 
size  decreases,  the  occurrence  of  such  a  chance  electron  takes  progres¬ 
sively  more  time.)  It  has  been  shown10  that,  for  a  particle  of  0.001- 
inch  radius,  charge  in  excess  of  the  stable  maximum  can  reside  for  a 
period  of  roughly  0.1  s.  Thus,  particles  acquire  excess  charge  on  im¬ 
pact.  They  move  away  from  the  point  of  impact,  and,  ultimately,  elec¬ 
trical  breakdown  of  the  air  in  the  immediate  vicinity  of  the  particle 
occurs,  relieving  the  excess  charge  and  generating  highly  mobile 
ions  of  the  same  sign  as  the  initial  charge  on  the  dust  particle.  These 
ions  arc  available  to  migrate  to  the  helicopter  and  help  discharge  it 
at  low  voltage, 

Thus,  it  appears  that  the  continual  charging  and  discharging  of 
the  dust  particles  results  in  a  conductive  medium  that  effectively 
shunts  the  helicoptor  to  ground  through  a  large,  diffuse  resistor, 
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maintaining  a  potential  lower  than  that  observed  in  the  absence  of  the 
dust  cloud,  for  a  given  charging  current.  This  phenomenon,  of  course, 
is  strongly  dependent  on  the  cloud's  particle  density,  vhich  may  result 
in  the  nonlinear  behavior  shown  in  Figure?!.  SRI's  laboratory  experi¬ 
ence  has  also  indicated  that  the  amount  of  triboelectric  charging  ob¬ 
tained  is  dependent  on  the  type  of  material  used.  For  example,  lyco¬ 
podium  powder  produces  very  high  triboelectric  charging  when  blown  over 
an  object,  whereas  powdered  walnut  shells  do  not  give  as  much  charging. 
This  indicates  that  actual  helicopter  charging  would  be  similarly  affec¬ 
ted,  and  that  another  set  of  data  might  be  obtained  if  the  tests  were 
performed  in,  say,  snow. 

The  evaluation  of  the  grounding  pole  and  various  grounding  lines 
revealed  that  all  of  the  devices  employed  worked  satisfactorily,  with 
some  qualifications.  The  grounding  line  worked  best  when  it  consisted 
simply  of  a  heavy  chain  hanging  from  the  end  of  the  flexible  resistor. 
Operationally,  the  use  of  a  corona  termination  was  superfluous  because 
a  noticeable  increase  in  the  precontact  current  from  the  line  was  ob¬ 
served  only  immediately  before  contact  when  the  corona  clement  w.is  very 
close  to  the  ground.  Since  the  grounding  line  worked  so  well  in  reduc¬ 
ing  the  helicopter  potential,  it  is  felt  that  the  use  of  the  grounding 
pole  should  be  eliminated  in  favor  of  full-time  use  of  the  grounding 
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V  PHYSIOLOGICAL  RESPONSE  TO  ELECTRIC  SHOCK 


Early  In  the  course  of  the  program  it  became  obvious  that  a  discus¬ 
sion  of  aircraft  residual  potentials  and  discharge  energies  would  be 
meaningless  unless  a  person's  response  to  these  quantitites  was  understood , 
and  therefore  a  program  to  determine  this  response  was  developed. 

Two  basic  questions  were  asked  during  this  phase  of  the  program: 

(1)  what  would  be  the  highest  permissible  residual  potential  on  the  air¬ 
craft  that  would  permit  a  person  to  carry  out  cargo  duties  when  the  air¬ 
craft  was  (nominally)  grounded  through  use  of  one  of  the  discharging 
devices  evaluated,  and  (2)  what  series  resistance  should  be  present  on 
the  cargo-hook  line  to  protect  the  cargo  handler  in  case  he  should  acci¬ 
dentally  touch  the  grounding  line  before  it  makes  ground  contact? 

To  answer  the  ilrst  question,  the  nellcopter  was  coniigured  as 
shown  in  Figure  72  and  the  test  was  performed  over  dry  concrete. 

The  test  was  conducted  by  bringing  the  helicopter  up  to  some  poten¬ 
tial,  V,  with  the  power  supply.  The  (barefooted)  person  beneath  the 
helicopter  then  touched  the  simulated  hook  and  noted  his  response  to  the 
stimulus;  V  was  then  increased  and  the  test  repeated.  This  continued 
until  the  subject  terminated  the  test.  A  table  of  helicopter  voltages, 
CH-47  discharge  energies,  and  the  person's  observations  about  the  shock 
levels  he  felt  are  shown  in  Table  XI  I  I  • 

It  can  be  seen  from  this  table  that  the  subjects’  comments  about 
the  degree  of  shock  felt  agrees  well  with  the  data  published  by 
Dalziel.11 >18  Since  the  measurements  were  made  using  a  CH-47  (with  a 
capacity  of  about  1000  mm?),  an  additional  column  is  included  in  the 
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FIGURE  72  AIRCRAFT  CONFIGURATION  USED  TO  MEASURE  PHYSIOLOGICAL  RESPONSE 
TO  ELECTRIC  SHOCK 


tabic  that  specifies,  for  a  given  discharge  energy,  the  appropriate 
potential  to  obtain  that  discharge  energy,  assuming  a  helicopter  capaci¬ 
tance  of  2000  ppF  (the  estimated  capacity  of  the  Boeing  301  HIH). 

In  an  additional  tost  performed  along  these  same  lines  but  extending 
the  energy  range,  two  subjects  were  used.  Subject  D  experienced  a  severe 
shock  in  the  ankles  and  wrist  accompanied  with  chest-muscle  contraction 
at  25  kV,  while  subject  B  experienced  this  same  phenomenon  at  30  kV. 

It  should  be  noted  here  that  all  tests  of  this  nature  began  at  very  low 
voltages  and  were  incremented  in  no  more  than  2.5-kV  steps.  Additional 
precautions  were  taken  when  these  tests  were  performed  by  having  a  medic 
standing  by  at  the  test  site  in  case  anything  unforeseen  should  happen. 

These  tests  clearly  indicated  that  the  grounding- line  and  grounding- 
pole  technique  could  reduce  the  potential  sufficiently  so  that  a  cargo 
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Table  XIII 
PHYSIOLOGICAL  RESPONSE 

OF  SUBJECT  EVALUATING  ANTICIPATED  ELECTRIC- SHOCK  LEVELS 
AFTER  GROUNDING  AIRCRAFT  WITH  DISCHARGING  DEVICE 


Aircraft 

Voltage 

(kV) 

CH-47 

Discharge  Energy 
(mJ ) 

Equivalent 
HLH  Voltage 
(kV) 

Comments 

2.5 

3 

1.8 

5.0 

12.5 

3.5 

6.0 

20 

4.5 

(Dalziel  threshold) 

7.5 

28 

5.2 

"Slight  shock" 

10.0 

50 

7.0 

"Shock  in  fingers" 

12.5 

78 

8.8 

15.0 

112 

10.2 

"Sensible  shock" 

17.5 

152 

12.5 

"Shock  felt  in  wrist" 

20.0 

200 

14.0 

"Distinct  shock  felt  in 
wrist  and  ankles" 

23.7 

250 

16.0 

"(Dalziel:  Strong  shock, 
not  dangerous)" 

30.0 

450 

Boots  arc  over  (see  text) 

Note:  Assumed  capacities  CH47  1000  pF;  HLH  2000  pF. 


handler  would  experience,  at  most,  an  unpleasant  but  not  dangerous 
shock. 

In  order  to  determine  t'  a  value  of  a  series  resistance  to  protect 
the  cargo  handler  in  the  event  that  he  should  touch  the  grounding  line 
prior  to  its  earth  contact,  a  measurement  was  devised  using  a  10-MO 
series  resistance,  to  evaluate  this  question.  Obviously,  any  choice  of 
a  resistor  is  a  compromise.  If  the  resistance  is  very  high,  the  cargo 
handler  is  protected,  but  after  ground  contact,  the  residual  potential 
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is  also  high  and  direct  contact  with  the  helicopter  could  result  in  a 
serious  shock.  On  the  other  hand,  a  low  resistance  (or  no  resistance) 
provides  the  lowest  possible  residual  potential,  but  offers  no  personnel 
protection.  The  resistor  used  for  this  test  was  a  large  rigid  resistor 
whose  resistance  remained  constant  throughout  all  these  tests  at  10  MQ  . 

The  helicopter  configuration  used  for  this  test  is  shown  in  Figure 
73.  The  experiment  was  performed  in  a  manner  similar  to  that  of  the 


FIGURE  73  HELICOPTER  CONFIGURATION  US[  J  TO  EVALUATE  SERIES  RESISTANCE 
IN  CARGO-HOOK  LINE  TO  PROTECT  HANDLER 

previous  test  above.  At  30  kV  the  subject  felt  nothing,  but  by  80  kV  a 
burning  sensation  could  be  felt  in  the  fingers.  At  120  kV  the  burning 
sensation  had  increased  in  intensity  to  the  point  at  which  the  subject 
considered  the  sensation  equivalent  to  a  severe  shock  and  did  not  want 
to  continue. 
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The  two  tests  confirmed  earlier  suspicions  about  the  levels  of 
tolerable  shock  and  clearly  demonstrated  that  the  residual  aircraft  po¬ 
tentials  obtained  during  the  grounding-line  and  grounding-pole  evaluations 
were  reasonable  and  should  provide  the  cargo  handler  with  a  reasonable 
degree  of  safety  from  shock,  A  5-  to  10-MQ  series  resistance  results 
in  a  good  compromise;  the  residual  potentials  are  kept  low  for  moderate 

I 

charging  currents,  while  at  the  same  time  the  handler  is  provided  current 

l 

protection  for  most  of  the  anticipated  potential  levels. 

| 

I 

An  experiment  related  to  the  shock  tests  was  performed  to  determine 
what  personnel  protection,  if  any,  should  be  recommended  to  ensure  maximum 
safety  for  the  cargo  handler.  Since  most  military  boots  are  of  rubber*- 
soled  construction,  it  was  conceivable  that  a  handler  could  charge  him¬ 
self  up  to  the  point  where  the  soles  of  his  boots  would  breakdown,  thereby 
defeating  some  of  the  safety  the  grounding  line  offered  if  the  breakdown 
potential  was  high  enough. 

The  experiment  consisted  of  determining  the  breakdown  potential  of 
a  pair  of  typical  rubber-soled  boots  by  connecting  the  voltage  power 
supply  between  a  ground  stake  anchored  in  concrete  and  the  inside  of  the 
boot,  which  was  resting  on  concrete.  Two  boots  were  used  for  these  tests 
and  both  of  them  broke  down  at  about  30  kV. 

The  implications  of  these  tests  are  that  conduct ive-soled  boots 
could  probably  prevent  an  unpleasant  shock  in  some  isolated  circumstances, 
but  generally,  their  use  would  be  of  little  benefit.  If  the  helicopter 

t 

had  been  previously  grounded  by  use  of  the  grounding  line  or  grounding 
pole,  the  handler,  wearing  rubber-soled  boots,  would  probably  receive 
very  little  shock  because  of  the  low  residual  potential  of  the  helicopter, 
aa  described  earlier.  If  the  handler,  again  wearing  rubber-soled  boots, 
were  to  touch  the  grounding  line  containing  the  series  resistor,  he  could 
charge  to  30  kV  and  discharge  would  occur.  The  shock  felt  during  this 

i 
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discharge  would  be  small,  however,  because  of  the  low  capacity  (and 
hence,  discharge  energy)  of  the  human  body. 
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VI  RADIO-FREQUENCY  INTERFERENCE  PRODUCED 
BY  THE  GROUNDING-LINE  CORONA  ELEMENT 

Present  and  future  helicopter  avionics  systems  include  LF  and  VLF 
navigation  equipment  such  as  OMEGA,  LORAN  C/D,  and  the  more  common  ADF. 

It  is  known  that  radio-frequency  interference  (RFI),  produced  by  one  or 
more  sources  of  electrical  noise  can  have  serious  effects  on  these  sys¬ 
tems.  Loran  C/D,  for  example,  becomes  "unlocked"  when  exposed  to  RFI 
for  more  than  a  few  seconds,  requiring  a  lengthy  setup  period  to  get  it 
working  again.  One  type  of  RFI  that  can  produce  these  error-causing 
effects  is  corona,  which  can  be  produced  by  the  aircraft  when  operating 
in  a  triboelcctric  environment.  Corona  is  a  series  of  minute  discharges 
occurring  from  a  region  of  intense  electric  field.  Corona  occurs  from 
places  such  as  sharp-pointed  extremities  (e.g.,  rotor-blade  tips,  trailing 
edges)  or  from  protruding  pitot  tubes,  antennas,  and  so  on. 

For  a  complete  description  of  corona,  and  its  effects  on  fixed-wing 
aircraft,  the  reader  is  referred  to  earlier  SRI  reports.8 t* 

Since  several  of  the  terminations  used  on  the  grounding- line  dis¬ 
charge  system  were  of  a  design  that  would  produce  corona  at  relatively 
low  potentials,  it  was  necessary  to  determine  the  extent  to  which  this 
corona  would  produce  RFI,  which  could  interfere  with  low-frequency  navi¬ 
gation  and  communication  systems. 

In  order  to  examine  the  RFI  produced  by  the  discharger  terminations, 
a  Hewlett-Packard  spectrum  analyzer  was  Installed  aboard  the  aircraft  and 
configured  as  shown  in  Figure  74,  connected  through  an  HP  465  preamplifier 
to  an  antenna  Installed  on  the  belly  of  the  helicopter. 
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FIGURE  74  HELICOPTER  CONFIGURATION  USED  DURING  RFI  MEASUREMENT  PROGRAM 
SHOWING  POSSIBLE  CORONA-PRODUCING  AREAS 
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Corona  was  produced  by  using  the  high-voltage  power  supply  to  simu¬ 
late  triboclectric  charging  and  raise  the  helicopter  to  the  desired 
potential.  A  hover  altitude  of  100  ft  assured  that  the  grounding  line 
with  its  corona  termination  section  could  be  lowered  far  enough  below 
the  aircraft  to  prevent  shielding  of  the  discharge  by  the  airframe,  and 
allowed  the  discharge  from  the  termination  to  be  easily  detected  by  the 
spectrum  analyzer  as  long  as  the  rest  of  the  aircraft  was  fairly  quiet. 

Pre-  and  post-flight  system  calibrations  were  made  for  every  sortie 
flown  utilizing  the  spectrum  analyzer.  A  measure  of  the  efficiency  of 
a  receiving  system  is  its  ability  to  discern  atmospheric  noise  above 
instrument  noise.  Accordingly,  one  of  the  pre-  and  post-flight  checks 
was  to  observe  a  receiver  noise  spectrum  made  after  disconnecting  the 
antenna  and  comparing  it  to  the  "system"  spectrum  obtained  with  the 
antenna  connected.  If  the  receiver  noise  spectrum  was  sufficiently  low 
so  that  atmospheric  noise  could  be  observed  above  the  receiver  noise,  the 
antenna,  preamp,  and  spectrum  analyzer  were  deemed  adequate  to  make  the 
test .  In  fact,  if  the  background  atmospheric  noise  is  observable,  any 
further  attempt  to  decrease  the  receiver  noise  is  a  waste,  since  the 
atmospheric  noise  places  a  lower  bound  on  the  observable  signal. 

Typical  receiver  noise  and  atmospheric  noise  spectra  are  shown  in 
Figure  ^5.  it  ts  observed  from  this  figure  that  the  0-to-200-kc  fre¬ 
quency  range  contained  many  coherent  broadcast  and  beacon  stations.  The 
actual  number  of  these  present  and  their  relative  amplitude  varied  from 
day  to  day,  and  depended  on  helicopter  altitude  and  location.  Before 
every  test  described  below,  however,  baseline  data  were  obtained  at  the 
location  and  hover  altitude  to  be  used  for  the  test.  It  should  be  noted 
that  the  actual  "atmospheric"  noise  lies  in  the  null  regions  between  tho 
received  stations. 
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FIGURE  75  TYPICAL  SYSTEM  NOISE  SPECTRUM  SHOWING  COHERENT  BROADCAST 

AND  BEACON  STATIONS  ABOVE  AMPLIFIER/RECEIVER  NOISE  SPECTRUM 
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In  order  to  examine  the  RF1  produced  by  the  corona  termination 
hanging  from  the  end  of  the  grounding  line,  it  was  necessary  to  examine 
RFI  produced  by  the  aircraft  and  to  minimize  it  within  the  capabilities 
and  scope  of  this  program.  Figure  76  shows  typical  spectra  obtained  by 
raising  the  helicopter  potential  to  100  kV,  150  kV,  and  200  kV,  and  re¬ 
cording  spectra  for  each  of  these.  The  zero-volt  spectrum  is  not  shown, 
because  it  was  only  slightly  different  from  the  100-kV  spectrum;  the 
power-supply  microammeter  indicated  that  corona  current  began  at  about 
75  to  90  kV,  and  hence  the  only  real  difference  is  in  the  peak-to-peak 
fluctuations  of  the  spectrum  at  a  given  frequency. 

With  the  exception  of  Figure  75,  the  figures  in  this  section  repre¬ 
sent  only  a  "best  fit'  to  the  data,  to  allow  the  reader  to  observe  sig¬ 
nificant  features  In  the  spectrum.  In  fact,  the  actual  corona  spectrum 
data  are  quite  noisy  and  not  at  all  smooth,  as  the  figures  would  indicate. 
Next  to  the  figure  legend,  the  magnitude  of  these  fluctuations  for  each 
voltage  is  shown;  it  can  be  seen,  for  example,  that  the  peak-to-peak 
fluctuation  of  the  200-kV  helicopter  spectrum  of  Figure  76  is  10  to  20  dB. 

These  data  indicated  that  it  would  be  fruitless  to  attempt  to  mea¬ 
sure  the  RFI  effects  of  a  corona  termination  in  the  presence  of  so  much 
noise  generated  by  corona  discharges  from  the  helicopter  itself,  and 
steps  would  hAve  to  be  taken  to  reduce  the  noise. 

In  order  to  ensure  that  the  noise  spectra  observod  were  attributable 
to  the  helicopter,  and  not  the  power  supply,  associated  instrumentation, 
or  ground  wire,  a  series  of  tests  were  conducted  concurrently  with  the 
RFI  tests.  One  such  test  utilized  an  antenna  mounted  inside  the  heli¬ 
copter  close  to  the  power  supply  and  grounding  wire  and  connected  to  the 
amplifier- spectrum  analyzer.  During  another  check,  the  grounding  wire 
was  brought  in  dloee  proximity  to  the  RFI  antenna  mounted  on  the  fuselage 
belly.  No  Increase  in  the  spectrum  was  observed  during  any  of  these  teats, 
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or  during  other  tests  when  the  aircraft  potential  was  raised  as  high  as 
200  kV,  These  tests  indicated  that  the  increases  observed  in  the  noise 
spectrua  during  regular  RTI  testing  were  coning  from  the  aircraft,  and 
not  froa  the  high-voltage  system. 

This  helicopter  noise  occurred  throughout  the  renainder  of  the 
testing  even  though  precautions  were  taken  to  eliminate  soae  of  the  wore 
obvious  corona-producing  points  on  the  helicopter.  The  end  of  the  FM 
antenna  was  heavily  taped  to  prevent  corona  froa  the  tip,  and  the  grounding 
wick  located  near  the  aft,  port  landing-gear  assembly  was  effectively 
removed  by  taping  it  up  close  to  the  fuselage. 

Subsequent  to  these  findings,  a  Safety-of-Flight  release  was  re¬ 
quested  by  Boeing  Vertol  and  granted  by  the  U.S.  A  nay  Aviation  Test 
Board  to  Install  Granger  Associates  model  011-ID  orthodecoupled  P-static 
dischargers  to  the  trailing  edges  of  the  rotor  blades  in  accordance  with 
U.S.  Army  EC  ON  drawing  No.  E8-C-202998.  For  a  complete  description  of 
the  theory  of  P-static  dischargers,  the  reader  should  consult  Nanevlcz, 
et  al.13  These  dischargers  were  attached  according  to  the  drawing,  and 
the  trailing  edges  of  the  rotor  blades  were  electrically  connected  to  the 
leading  edges  (and,  hence,  airframe)  by  a  coating  of  "Aqua-Dag  E"  (a 
colloidal  suspension  of  carbon  particles).  After  the  "Dag"  has  <i>'ied, 
the  resistance  between  the  rotor-blade  trailing  edges  and  airframe  was 
no  more  than  2  kQ  .  The  original  intent  was  to  paint  the  entire  blade 
surface  with  Dag.  Since  the  RFI  tests  were  to  be  performed  using  arti¬ 
ficial  charging  only,  no  frictional  charging  would  be  occurring  on  the 
blade  and  a  strip  of  Dag  between  the  leading  and  trailing  edge  was  deemed 
sufficient.  Figure  77  shows  the  Installation  of  the  traillng-edge  dis¬ 
chargers  on  one  of  the  blades,  and  the  Dag  strip  applied  to  the  blade. 

It  was  believed  that  under  these  conditions  the  charge  that  accumu¬ 
lated  on  the  aircraft  would  bleed  away  through  the  discharge  and  thus 
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FIGURE  77  PHOTOGRAPH  SHOWING  PAINTEO  STRIPE  OF  "AQUA-DAG  E"  ON  CH-47 
BLADE  AND  INSTALLATION  OF  GRANGER  ASSOCIATES  611-ID  P-STATIC 
DISCHARGERS  ON  ROTOR-BLADE  TRAILING  EDGE 

quiet  the  otherwise  (electrically)  noisy  aircraft.  This  turned  out  to 
be  only  partially  true. 

Figure  78  shows  corona-noise  spectra  for  helicopter  potentials  of 
100,  150,  and  200  kV,  obtained  during  tests  with  the  dischargers  attached 
to  the  trailing  edges.  It  can  be  seen  that  the  noise  decrease  achieved 
by  using  the  traillng-edge  dischargers  was,  perhups,  10  dB  over  most  of 
the  frequency  band.  A  significant  decrease  was  obtained,  however,  in 
the  peak-to-peak  fluctuations  in  the  spectrums.  The  200-kV  spefctrum  of 
Figure  78  for  example,  shows  fluctuations  of  3  to  5  dB,  whereas  the 
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FIGURE  78  NOISE  SPECTRA  FOR  VARIOUS  HELICOPTER  VOLTAGES  DURING  OPERATION 
WITH  P-STATIC  DISCHARGERS  MOUNTED  ON  TRAILING  EDGE  OR  ROTOR 
BLADES 
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spectrum  of  the  unprotected  helicopter  (Figure  79,  shows  fluctuations  of 
10  to  20  dB. 

Since  there  was  still  significant  helicopter  noise,  it  was  argued 
that  perhaps  a  better  location  for  the  dischargers  was  at  the  blade  tip, 
since  the  tip  is  a  truncated  airfoil  section  and  contained  many  sharp 
edges.  Also,  since  this  is  a  region  ol  low  pressure  the  discharge  should 
occur  at  lower  field  strengths14  and,  hence,  lower  aircraft  potentials. 

A  Safety-of-Flight  release  was  obtained  for  these  tests  and  the  spectra 
were  measured  using  both  the  trail ing-edg'.'  dischargers  and  the  tip  dis¬ 
chargers  are  shown  in  Figure  79.  A  comparison  of  Figure  79  with  Figure 
78  shows  very  little  improvement  in  the  spectrum.  Figure  80  shows  a 
photograph  of  the  tralllng-edge  and  tip  discharger  installation. 

Although  RFI  data  were  not  taken  during  dust  sorties,  it  was  observed 
that  the  sintered  tungsten  ends  of  the  P-static  dischargers  were  badly 
damaged  after  about  one-half  hour  of  operation  in  the  dust.  Apparently, 
collisions  with  dust  particles  tended  to  chip  the  brittle  tips  rather 
than  rear  them  smoothly.  During  the  RFI  testing,  care  was  taken  to 
ensure  that,  although  some  tips  were  broken,  enough  good  dischargers  were 
Installed  to  make  the  evaluation  meaningful.  Future  helicopter  operations, 
however,  performed  in  other  than  a  particle-free  environment  with 
discharger-protected  blades  should  consider  a  less  brittle  type  of  dis¬ 
charger  needle  such  as  steel,  or  the  dischargers  should  be  oriented  in 
such  a  way  as  to  shield  the  pins  from  the  impinging  particles. 

It  should  be  noted  here  that  during  these  tests  the  helicopter 
pilots  reported  massive  RFI  indications  in  the  audio  channel  of  the  ADF 
(the  loop  function  was  not  tested),  and  frequently  reported  UHF  RFI 
during  tests  at  high  voltage.  Since  some  spectral  noise  persisted  even 
after  P-static  dischargers  were  attached  to  the  blades,  it  can  only  be 
assumed  that  other  locations  on  the  helicopter  were  causing  the  RFI, 
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FIGURE  80  PHOTOGRAPH  SHOWING  GRANGER  ASSOCIATES  011-ID  P-S7ATIC 
DISCHARGER  ATTACHED  TO  THE  TIP  OF  A  CH-47  ROTOR  BLADE 

such  as  the  pitot  tube,  (JHF  antennas,  FM  antennas,  or  other  areas.  The 
location  and  identification  of  RFI  source  regions  is  time-consuming  and 
difficult,  at  best.  Since  it  was  beyond  the  scope  of  this  program  to 
identify  and  quiet  these  areas,  no  additional  effort  was  expended  in 
attempts  to  reduce  radio-noise  levels. 

Since  the  dischargers  reduced  the  noise  by,  perhaps  10  to  20  dB 
over  the  unprotected  helicoj.  ’.er,  it  was  decided  to  attempt  to  measure 
the  corona  noise  of  the  grounding- line  termination.  The  termination 
chosen  for  this  measurement  was  the  so  called  "corona  brush,"  a  bundle 
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of  fine,  flexible  wires  fanned  out  Into  a  brush  configuration.  The  re¬ 
sults  of  these  measurements  are  shown  in  Figure  8|,  for  a  helicopter 
potential  of  ISO  kV.  It  is  seen  from  this  figure  thit  over  most  of  the 
frequency  range  the  termination  tended  to  quiet  the  overall  RFl.  In 
retrospect,  this  is  not  too  surprising  since  the  termination,  handing  50 
ft  beneath  the  helicopter,  will  go  into  corona  sooner  than  c  discharger 
of  similar  radius  (because  the  electric  field  strength  terminating  on  the 
end  of  the  brush  is  higher),  and  because  the  series  resistance  in  the 
grounding  line  («  20  to  40  MO  )  tended  to  decouple  the  RF  noise  generated 
by  corona  from  the  brush,  and  hence  to  quiet  It. 

Similar  tests  performed  with  the  other  terminations  (chain,  and  10- 
inch-dlameter  ball)  showed  no  overall  increase  or  decrease  in  the  noise 
spectrum  and  it  can  be  assumed,  therefore,  that  none  of  these  devices 
would  degrade  the  performance  of  NAV/COM  systems  beyond  the  degradation 
stemming  from  helicopter  RFI  alone. 
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FIGURE  8  I  NOISE  SPECTRA  MEASURED  FOR  CORONA  TERMINATION  ON  GROUNDING 

LINE  EXTENDED  TO  *60'  BELOW  THE  HELICOPTER  AND  FOR  TERMINATION 
RETRACTED  INTO  AIRCRAFT 
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VII  EL£CTRIC-F1  ELD- METER  DATA 


As  explained  earlier,  six  electric  field  meters  were  used  to  obtain 
data  about  the  dust  cloud— one  on  the  nose  of  the  helicopter,  and  five 
on  the  ground. 


A.  Airborne  Field  Meter 

The  data  from  the  airborne  field  meter,  obtained  during  sorties 
flown  in  the  dust,  were  statistically  analyzed  and  compared  to  earlier 
jRI  dust-cloud  measurements.2 

A  potential  histogram  is  shown  in  Figure  82.  The  solid  line  in  the 
figure  represents  the  potential  distribution  inferred  from  the 


FIGURE  82  A  COMPARISON  OF  POTENTIAL  HISTOGRAMS  GENERATED  FROM  DUST 
HOVER  DATA 
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nose-mounted  field  meter  on  the  helicopter.  The  shaded  area  represents 
a  distribution  of  the  actual  helicopter  potential  measured  by  the 
parallel-plate  voltmeter.  The  marked  difference  between  these  two  dis¬ 
tributions  indicates  the  magnitude  of  the  sensing  errors  produced  by  the 
charged  dust  cloud.  The  numerical  difference  between  the  field-mill- 
inferred  potentials  and  the  actual  potentials  was  calculated  and  a  dis¬ 
tribution  drawn.  These  data,  shown  in  Figure  8  3,  can  be  compared  with 
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FIGURE  83  POTENTIAL-DIFFERENCE  HISTOGRAM  INDICATING  DUST-GLOUD-INDUCED 
ERRORS  MEASURED  BY  A  HOVERING  HELICOPTER 

the  data  in  Appendix  |  |  .  A  comparison  of  the  means  shows  that 

the  mean  of  the  recent  data  is  about  twice  that  of  the  earlier  data,  and 
the  standard  deviation  of  the  present  data  is  about  three  times  greater 
then  the  previous  data. 

lhe  difference  in  means  is  attributable  to  the  difference  in  charging 
currents,  which  was  also  about  a  factor  of  2  greater  than  the  currents 
obtained  during  the  previous  tests,  as  illustrated  in  Figure  84.  Since 


211 


0  40  M  170  160  700  240  280  320  360 

CHARGING  CURRENT— pA 

FIGURE  84  CHARGING-CURRENT  HISTOGRAM 

the  standard  deviations  of  the  current  histograms  are  the  same,  it  js 
felt  that  differences  in  the  deviations  of  the  potential  distributions 
are  attributable  to  the  fact  that  fewer  sample  points  were  used  in  the 
analysis  of  the  present  data. 

B.  Ground  Field  Meters 

The  data  from  the  ground  array  of  field  meters  were  subjected  to 
the  same  statistical  analysis  as  the  airborne  data.  Figures  85  through 
89ghow  the  simultaneous  field  histograms  obtained  from  the  ground  field 
meters.  It  can  be  seen  from  these  figures  that  the  data  obtained  from 
near  the  helicopter  generally  has  a  wide  variance,  attributable  to  the 
turbulent  nature  of  the  rotor  wash.  The  variance  of  the  mill  500  ft  away 
from  the  helicopter,  however,  exhibits  a  small  variance,  which  indicates 
that  the  dust  cloud  surrounding  the  No.  3  mill  was  fairly  uniform  in 
charge  density.  The  data  obtained  from  the  field  meter  farthest  away 
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FIGURE  89  ELECTRIC-FIELD  HISTOGRAM  DATA 
Ground  Fiald  Mtter  No.  5. 


from  the  helicopter  (No.  4)  shows  a  definite  peak  in  the  histogram,  with 
a  rather  broad  shoulder  on  the  low  side  of  the  peak.  The  total  time 
duration  of  these  data  is  about  2-1/2  min,  and  the  No.  4  mill  required 
about  1  to  1-1/2  min  to  achieve  a  steady-state  condition.  The  data 
obtained  after  the  steady-state  condition  was  reached,  although  not 
presented  here,  exhibited  a  small  variance,  indicating  that  the  dust 
cloud  was  uniform. 

Since  the  dust  cloud  was  bigger  than  expected,  the  field-meter 
spacing  used  resulted  in  undersampling  of  the  cloud.  This  precluded 
definitive  statements  about  the  cloud's  density  gradient.  Figure  90, 
however,  is  a  plot  of  the  mean  values  for  the  data  shown  in  the  previous 
figures  plotted  against  distance  from  the  helicopter.  It  can  be  seen 
from  this  figure  that  a  null  region  exists  somewhere  around  200  ft  from 
the  helicopter  and  that  the  cloud's  charge  density  is  higher  on  either 
side  of  that  point.  It  can  also  be  seen  from  this  figure  that  extrapola¬ 
tion  of  the  data  yields  a  well  developed  dust  cloud  over  1000  ft  in 
radius. 

21S 


MEAN  ELECTRIC  FIELD.  E  —  kV/an 


FIGURE  90  mean  ELECTRIC  FIELD  OF  DUST  CLOUD  AS  A  FUNCTION  OF  DISTANCE 
FROM  HELICOPTER  —  PHILLIPS  DROP  ZONE 
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VIII  DEMONSTRATION  PROGRAM 


At  the  conclusion  of  the  evaluation  phase  of  the  program  a  demon¬ 
stration  of  grounding  techniques  was  provided  to  representatives  of  the 
U.S.  Army  and  the  Boeing  Company,  Vertol  Division.  The  demonstration 
consisted  of  practical  situations  during  which  the  cargo  (a  CONEX  con¬ 
tainer)  and  the  simulated  cargo  hook  were  touched  and  manipulated  by  the 
test  witnesses  after  the  helicopter  had  been  discharged  by  using  several 
of  the  techniques  described  earlier. 

Present  during  the  demonstration  program  were  Mr,  J.  Vichness  and 
S.  Poteate  from  the  U.S.  Army  AMRDL;  Mr.  F.  Koch  from  the  U.S.  Army 
AVSCOM;  Mr,  N.  Rothman,  Mr.  B.  J.  Solak,  and  Mr.  G.  Wilson  of  Boeing/ 
Vertol;  in  addition  to  SRI  and  flight-crew  personnel.  Messrs.  Koch  and 
Solak  volunteered  to  verify  the  discharging  results  by  touching  the  cargo 
or  hook  to  determine  what  shock  effects,  if  any,  would  be  felt  by  a  cargo 
handler  during  actual  Army  cargo  operations. 

The  natural-charging  demonstrations  were  performed  in  the  Phillips 
Drop  Zone.  The  test  data  show  that  before  the  helicopter  was  discharged 
by  either  the  grounding  line  or  pole,  the  helicopter  potential  reached 
about  130  kV.  Subsequent  to  the  discharging  the  potential  was  reduced 
to  less  than  1  kV  and  Mr.  Koch  and  Mr.  Solak  felt  no  sensation  whatsoever 
when  they  touched  the  simulated  cargo  hook. 

Artificial-charging  tests  were  performed  over  concrete,  asphalt,  and 
hard-packed  desert,  and  were  designed  to  operate  at  the  anticipated  HLH 
charging  level  of  600  pA,  with  an  initial  helicopter  potential  of  about 
150  kV.  Both  the  grounding  line  and  grounding  pole  were  used,  separately, 
to  discharge  the  helicopter  during  these  tests.  The  CONEX  container  was 


similarly  discharged  using  ths  grounding  pols  while  ths  hslicoptsr  vas 
honoring  over  concrste.  During  these  tests,  only  macadam  produced  a 
"sensible  shock,"  felt  by  both  Mr.  Koch  and  Mr.  Solak,  which  agreea  with 
the  expected  results  obtained  earlier.  The  hard-packed  desert  produced 
a  similar,  but  less  intense  shock.  The  subjects  felt  no  sensation  at  all 
when  the  discharging  was  accomplished  over  concrete.  At  the  conclusion 
of  the  test,  both  Mr.  Koch  and  Mr.  Solak  agreed  that  the  grounding  tech¬ 
niques  used  wore  viable  and  suitable  for  actual  operations  and  that  the 
shocks  they  did  feel  were  well  within  acceptable  limits. 


IX  CONCLUSIONS 


It  ha*  been  conclusively  demonstrated  that  a  passive,  resistive 
grounding- link  technique  can  successfully  reduce  the  potential  of  an 
HUf-aize  helicopter  hovering  in  a  triboelectric  environment  to  "safe" 
residual  potentials,  even  under  the  most  severe  of  anticipated  conditions. 
These  techniques  were  successfully  demonstrated  to  representatives  of  the 
Boeing  Company,  and  the  U.S.  Army. 

A  series  of  RFI  measurements  were  taken  to  determine  the  magnitude 
of  the  noise  produced  by  the  termination  hanging  from  the  end  of  the 
grounding  line.  These  measurements  indicated  that  the  corona  produced 
by  the  termination  did  not  affect  significantly  the  overall  noise  level 
of  the  helicopter,  which  was  considerable,  especially  at  potentials 
greater  than  190  kV. 

The  simultaneous  aircraft  field  and  aircraft  potential  meaaurements 
conclusively  demonstrated  the  errors  obtained  by  using  the  field  meter 
to  infer  aircraft  potential.  The  measurements  also  confirmed  earlier 
flight-test  data  indicating  that  an  active  discharge  system,  which  relied 
on  remote  potential  sensing  by  field  meters,  was  not  a  viable  technique 
when  used  in  conditions  of  high  triboelectrlc-charging  rates. 

The  statistical  data  derived  from  both  the  airborne  and  ground  systems 
indicated  that  the  dust  cloud  produced  by  the  hovering  helicopter  during 
the  program  was  characteristically  similar  to  the  cloud  reported  during 
SRI's  earlier  flight-test  program  in  Yum*. 

In  order  that  the  measurements  at  YPG  could  be  extended  to  include 
most  of  the  probable  environments,  a  series  of  ground-resistance  measure¬ 
ments  were  made  th.^t  showed  that  the  resistance  of  macadam,  concrete, 
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and  sand  under  arid  conditions  is  lower  than  had  generally  barn  hslisvsd. 
Ths  rssistanca  measurements  also  demonstrated  a  nonlinear  character istic 
that  would  aid  discharging  under  certain  conditions. 

Since  a  "safe"  level  of  residual  aircraft  potential  la  principally 
determined  by  the  response  of  the  cargo  handlers  to  electrical  shock,  a 
series  of  shook  tests  were  perforasd,  using  hunan  subjects  to  determine 
the  upper  limits  of  the  "safe"  regime.  It  was  found  that  the  most  severe 
level  of  shook  that  would  be  considered  as  "safe"  was  a  discharge  energy 
of  about  300  ml.  This  corresponds  to  a  CH-47  potential  of  30  kV,  or  an 
estimated  HU!  potential  of  14  kV.  All  of  the  discharger  tests  performed 
demonstrated  that  a  residual  potential  of  less  than  14  kV  could  be 
achieved. 


CHRONOLOGICAL  SUMMARY  OF  FLIGHT  PROGRAM 


The  material  in  this  appendix  la  a  chronological  summary  of  the 
events  conneuteJ  with  the  flight-measurement  program  performed  under  this 
project,  and  referred  to  In  the  te<ct. 
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